


ABSTRACT

Several population-based studies have identified elevated intraocular pressure (IOP) as a major
causative risk factor associated with primary open angle glaucoma (POAG), the most common
form of glaucoma that affects millions of people worldwide. Moreover, multi-ethnic clinical trials
in several different countries over the last few decades have provided overwhelming evidence
showing correlation between lowering of IOP and reduced progression of vision loss. As a result,
IOP reducing therapeutic interventions are the gold standard in glaucoma therapy. Although the
role of IOP is evident in pathology of POAG, very few studies have delved into the complex
physiological mechanisms that regulate IOP homeostasis. From continuous telemetry recordings
in nonhuman primates, we now know that IOP is a dynamic variable that fluctuates throughout the
day. However, despite the fluctuations, the mean IOP is still maintained within a narrow
physiological range. The level of IOP elevation at any given time depends on the resistance to
aqueous humor outflow encountered in the conventional outflow pathway consisting of the
trabecular meshwork (TM), Schlemm’s canal (SC), and the distal episcleral vessels. Recent studies
have suggested that the cells of the outflow pathway have intrinsic ability to detect biomechanical
stimuli in their environment (like shear stress) and convert these stimuli into biochemical signals
to elicit specific cellular responses. Although mechanotransduction at the TM is deemed critical
for IOP homeostasis, we are yet to conclusively identify the exact signaling pathway involved.

In this study, we identify the role of transient receptor potential vanilloid IV channels (TRPV4) in
sensing mechanical stress on the TM. We show that shear stress activates TRPV4 channels in
human primary TM cells, which leads to endothelial nitric oxide synthase (eNOS)-dependent nitric

oxide (NO) production. NO, itself has been identified as a key regulator of IOP. Exogenous NO
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delivery to the eye has been shown to reduce IOP in humans. However, the underlying mechanism
that regulates endogenous levels of NO still remains unknown. To this end, we demonstrate that
TRPV4 channels regulate eNOS-dependent NO production in primary human TM cells and ex
vivo cultured human TM tissues. We show that TRPV4 activation by mechanical shear leads to
activation of eNOS signaling and NO production. Furthermore, pharmacological activation of
TRPV4 channels via a selective agonist GSK1016790A (GSK101) leads to eNOS phosphorylation
and NO production. In animal models, we demonstrate a role of TRPV4 channels in regulating
physiological IOP. Treatment of C57BL/6J mouse eyes with TRPV4 agonist GSK101 leads to
reduction in baseline night-time IOP and nominal improvement in outflow facility. We also show
that conditional knockout of TRPV4 channels in Ad5-Cre injected TRPV4f/f mice leads to
increase in IOP. We use the NOS3”- (eNOS) to further show that TRPV4 mediated lowering of
IOP is eNOS dependent. Dysregulation of the TM cells leads to increase in resistance and IOP
elevation. Furthermore, glaucomatous human TM cells show impaired activity of TRPV4 channels
and disrupted TRPV4-eNOS signaling. Flow/shear stress activation of TRPV4 channels and
subsequent NO release were also impaired in glaucomatous primary human TM cells. Together,
our studies demonstrate a central role for TRPV4-eNOS signaling in lowering the resting IOP. Our
results also provide evidence that impaired TRPV4 channel activity in TM cells contributes to TM

dysfunction and elevated IOP in glaucoma.
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The role of mechanosensory TRPV4 channels and nitric oxide signaling in intraocular

pressure homeostasis, and its impairment in glaucoma.
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CHAPTER I

INTRODUCTION

Primary Open Angle Glaucoma (POAG)

Glaucoma is a group of multifactorial neurodegenerative diseases characterized by progressive
optic neuropathy that leads to loss of retinal ganglion cells and their axons. It is the leading cause
of irreversible vision loss with more than 76 million people affected worldwide (1), and this
number is estimated to increase to 111.6 million by the year 2040 (2). Due to the progressive nature
of the disease and peripheral vision loss in the beginning stages, glaucoma is mostly asymptomatic
until it becomes severe and vision problems arise. As a result, many people affected by this disease
remain undiagnosed, and therefore are unaware of their condition. The neurodegeneration
associated with this condition also means that there is no existing cure for glaucoma. Current
treatments are limited interventions that slows the progression of the disease. Primary open angle
glaucoma (POAG) is the most common form of glaucoma, accounting for approximately 70% of
all cases (1). Intraocular pressure (IOP) is a major risk factor associated with the development and
progression of the disease (3, 4), and it is the only modifiable risk factor in POAG. Therefore,

majority of medical and surgical interventions are targeted towards reducing IOP (5).

Intraocular pressure: an important associated risk factor for POAG.

Although cross-sectional associations derived from population-based studies help in identifying

the risk for developing a disease, these studies do not necessarily explain the causality. That being



said, there are several risk factors identified in the literature with clear associations with POAG.
The three main demographic risk factors associated with POAG are race, age, and family history.
Population-based studies have demonstrated that POAG is more prevalent in African American
and Hispanic populations than whites living in the same geographical area (6). The prevalence of
POAG also increases significantly with age. A multiethnic population-based study in Baltimore
has shown a 10-fold increase in POAG prevalence with age (6). A family history of POAG is also
associated with an increased risk of developing the disease (7). A study directly examining the
first-degree relatives of patients with and without POAG observed that siblings of POAG patients
were 9-times more likely to have glaucoma than siblings of controls (8). Given the substantial risk
of POAG in family members of existing patients, the genetic basis of familial transmission of
glaucoma is largely unknown. Two genes, myocilin (9) and optineurin (10), have been identified
for causing autosomal dominant POAG. However, these disease-causing mutations are found only
in a small percentage of POAG patients (11). It is now increasingly clear that POAG is a complex
multifactorial disease, with pathology resulting from interaction of several different genes that are
yet to be identified (12). Interestingly, there has been no consistent association of POAG with
gender. Although there are studies that found POAG to be more prevalent among men (13-17),
there are other studies that show its prevalence is higher in females (18, 19), and still there are
some that show no change in prevalence between males and females (6, 20, 21). The literature on
animal models is also inconclusive on the role of gender in susceptibility to POAG. However, this
much is clear that more in-depth studies on animals and humans are warranted to unravel the role,
if any, played by gender in POAG prevalence. Apart from demographic risk factors, several
population-based studies have shown weak associations with systemic diseases. These are called

systemic risk factors. Diabetes, hypertension, smoking, alcohol use, and excessive caffeine



consumption have been weakly associated with POAG, and therefore the evidence is inconclusive
as it stands (5, 22).

Among the ocular risk factors, intraocular pressure (IOP) is the strongest known causal risk factors
associated with both development and progression of POAG. At present, IOP is the only risk factor
for which modulation has proven clinically efficacious. Numerous population-based studies across
multiple ethnicities have shown strong correlation between chronic elevation in IOP and increased
incidence (23, 24) and prevalence (14, 25, 26) of glaucoma. Chronic elevation of IOP leads to
pathological damage to the retina and the optic nerve head, resulting in neuronal death and vision
loss. The relative risk of glaucomatous optic nerve damage increases 13-fold for an IOP elevation
from 15 mmHg to 22-29 mmHg, and 40-fold for an IOP >30 mmHg. This chronic elevation of
IOP which is higher than the expected ‘normal’ baseline levels is called ocular hypertension. In
patients with asymmetric IOP elevation in both eyes, visual field loss is more severe in the eye
with the higher IOP (27, 28). This finding highlights the importance of IOP in pathology of POAG.
Furthermore, IOP being the only modifiable risk factor for progression of the disease, majority of
medical and surgical interventions are targeted towards reducing IOP (5). In fact, IOP reducing
interventions have been proven clinically efficacious in cases of normal-tension glaucoma,
wherein the patients do not have the characteristic elevation of IOP above the presumed ‘normal’
level yet have visual field loss. The Collaborative Normal-Tension Glaucoma Study (CNTGS)
reported less visual field loss in patients with normal-tension glaucoma who have successfully

undergone therapy for reducing IOP by 30% to an average of 11 mmHg (29).

Aqueous humor dynamics

Aqueous humor (AH) is the fluid of the anterior chamber that plays an important role in nourishing

the eye and maintaining proper IOP. It provides nutrients and removes metabolites from the



various tissues of the eye, including the avascular cornea and lens. After secretion from the ciliary
body, the AH flows along the iris into the anterior chamber where it is drained by the iridocorneal
angle tissues. This outflow of AH from the eye occurs via two major pathways: 1) the conventional
outflow pathway and 2) unconventional outflow pathway. The conventional outflow pathway
involves the sieve-like trabecular meshwork (TM) tissue, Schlemm’s canal, collecting channels,
and the episcleral-conjunctival venous system. The conventional outflow system accounts for
~80% of the AH outflow in human eyes, whereas the unconventional system which involves
uveoscleral and uveo-vortex systems account for only ~20 % of total AH outflow (30-32).
Intraocular pressure (IOP) is a function of the rate at which aqueous humor (AH) is secreted
(inflow) and the rate at which it is drained (outflow) from the eye. When the rate of inflow equals
outflow, a steady state exists, and IOP remains constant. The rate of inflow depends on the rate of
AH production, whereas outflow depends on the resistance to AH drainage. Therefore,
dysregulation in drainage of AH may lead to ocular hypertension. This being said, elevated IOP
observed in most forms of glaucoma is associated with increased resistance to AH outflow, while

the rate of AH formation does not differ much from that of nonglaucomatous controls.

Outflow resistance in normal and disease conditions

In order to understand ‘how’ increase in AH outflow resistance regulates IOP, we must know
‘what’ contributes to the resistance. As discussed above, the conventional partway (also known as
the trabecular pathway) is responsible for majority of outflow in the human eye (30-32). The TM,
a molecular sieve-like tissue, is subdivided into three regions that are functionally and
morphologically unique. At the proximal end facing the AH, we have the uveal meshwork region
that contains lattice-like beams of trabeculae (containing secreted extracellular matrix; ECM) lined

with TM cells (33). The arrangement of trabecular beams in this region create irregular openings



(~25-75 um wide) through which the AH passes into the adjacent region. The corneoscleral
meshwork region consists of TM cells lining the ECM-derived trabecular sheets, the structure of
which resembles a sponge with elliptical openings (~5-50 um wide) (33). The flow of AH through
these two regions is largely unrestricted, the same cannot be said for the final region of the TM
called the juxtacanalicular region (JCT). The JCT is located at the distal end of the TM adjacent
to the SC. The cells in this region are embedded into a bed of connective tissue, which generates
significant resistance to the flow of AH (34). Adjacent to the JCT lies the inner wall of SC,
containing a single layer of endothelial cells. After traversing through the regions of the TM and
crossing the inner wall of SC, aqueous humor enters the SC lumen (190-370 um diameter) which
is lined with endothelial cells (35). The distal tissues of the conventional outflow pathway,
collecting channels and episcleral veins, that drain the SC also contribute to outflow resistance.
Grant demonstrated that removal of TM from nonglaucomatous enucleated human eyes eliminated
only 75% of outflow resistance (36). Although the exact site for outflow resistance has not been
unambiguously determined, the JCT region of the TM and the inner wall of SC are two sites
considered responsible for majority of AH outflow resistance in a normal eye. Furthermore, the
exact mechanisms responsible for pathological or age-related increase in resistance are yet to be
determined. A previous study has demonstrated that TM tissues from POAG donor eyes are
significantly stiffer and less elastic compared to the TM tissues from age-matched control eyes
(37-39). Furthermore, previous reports have shown age-related changes in the TM, including
decreased cellularity and increased ECM deposition, which leads to age-dependent decrease in AH
outflow (40, 41). In POAG, it is known that increase in outflow resistance leads to decrease in

facility (egress of AH out of the eye, which is reciprocal to the outflow resistance). As of now, the



most efficacious treatment option for controlling IOP in POAG is to reduce outflow resistance via

pharmaceutical or surgical interventions.

Current therapeutic interventions for lowering IOP in POAG

Glaucomatous neurodegeneration occurs first in the peripheral retina resulting in a characteristic
loss of peripheral vision. This peripheral vision loss, which marks the onset of the disease, often
goes unnoticed until patients undergo clinical evaluation and testing for glaucoma. This is why
glaucoma is often referred as a ‘silent thief of vision’, and therefore clinicians often recommend
having clinical evaluation twice a year. A single type of clinical test cannot conclusively diagnose
the disease or provide sufficient information about its progression and severity. Therefore, clinical
evaluation of glaucoma requires a thorough review of patient’s medical and ocular history as well
as a comprehensive ocular examination involving a battery of clinical tests. These tests usually
include tonometry for determining IOP; pachymetry for evaluating central corneal thickness (an
ocular risk factor); gonioscopy for estimating the iridocorneal angle size; visual acuity; optic nerve
examination for assessing cup-to-disc ratio (degree of cupping); slit-lamp examination for
assessing conjunctival hyperemia (a common side-effect of glaucoma therapy), scleral health, and
episcleral vessel dilation; automated perimetry for assessing field of vision; and optical coherence
tomography for measuring thinning of retinal nerve fiber layer. Depending on the severity and
progression of the disease, clinicians develop a treatment plan suitable for individual patients to
help them reach the target IOP. Treatment with topical eyedrops of anti-glaucoma agents is the
first line of defense against the disease. The effectiveness of topical anti-glaucoma medications is
primarily measured by its ability to lower IOP. However, the impact of other factors like ocular
blood supply, local physiological parameters (intracranial pressure and perfusion pressure),

neuroprotection of the optic nerve are important variables to consider for assessing and improving



the efficacy of these medications. Prostaglandin analogs (PGAs), a class of drugs (involving
latanoprost, bimatoprost, travoprost, and tafluprost) considered the gold standard in glaucoma
therapy. Derived from arachidonic acid, prostaglandins play a role in a variety of biological
functions. In the eye, prostaglandins are known to large IOP reduction by increasing the
uveoscleral outflow (42, 43). This increase in uveoscleral outflow is mediated by modulation of
matrix metalloproteinases (44). Prostaglandin analogs latanoprost (0.005%), travoprost (0.004%),
and bimatoprost (0.03%) all bind to FP receptors; can reduce IOP during daytime and at night; and
only require instillation once daily. Given the benefits, in a small subset of patients PGAs are
known to cause side-effects which includes conjunctival hyperemia, pigmentation,
burning/stinging sensation, blurred vision, itching, foreign body sensation, and eye pain (45). Beta-
blockers are another class of IOP lowering medications available in the anti-glaucoma
armamentarium. Stimulation of beta-adrenergic receptors in ciliary body leads to cAMP activation,
and protein kinase A mediated production and secretion of aqueous humor by the ciliary body.
Beta-blockers like timolol antagonize these adrenergic receptors as a result decreasing aqueous
humor production and reducing IOP (46). Apart from ocular side effects like conjunctival
hyperemia and dry eye symptoms, beta blockers are known to cause systemic side effects affecting
cardiovascular and respiratory systems. Carbonic anhydrase inhibitors (CAls) is another class of
drug known for reducing IOP by decreasing aqueous humor production. Carbonic anhydrase
generates HCO3™ ions, which is essential for active secretion of AH. CAls inhibit the carbonic
anhydrase isoenzyme II thereby decreasing secretion of AH and reducing IOP (47, 48). CAls can
be administered systemically via oral pills or locally via topical eye drops. Oral CAls produce a
greater IOP lowering response but at risk of systemic side effects. These classes of drugs primarily

lower IOP by reducing aqueous humor production or increasing uveoscleral outflow but do not



target the underlying pathology at the conventional outflow pathway, which is responsible for
majority of resistance to outflow. Parasympathomimetic agents like pilocarpine are known to
induce contraction of ciliary muscles, which stretches the TM while opening the intertrabecular
spaces and reducing resistance to outflow (49). IOP lowering effect is only modest with the risk
of side effects that involve decreased uveoscleral outflow, blurred vision, and retinal detachment.
Recently, Rho-kinase inhibitors have shown promise in targeting the conventional outflow
pathway. Rho-kinase (ROCK) proteins are serine/threonine kinases with multiple downstream
substrates like LIM kinase and MLC kinase, phosphorylation of which leads to actin stabilization
and contraction of actin fibers. ROCK inhibitors are a class of compounds targeting the Rho-kinase
protein, and in the process reducing IOP by relaxing the TM and increasing conventional outflow
facility. Netarsudil (Y-27632; Aerie Pharmaceuticals) a ROCK inhibitor is now approved for IOP
reducing therapy in glaucoma patients. The second messenger nitric oxide (NO) has also shown
promise in relaxing the TM and reducing IOP by inhibiting contraction of actin fibers in TM cells
(50-54). Exogenous NO delivery to the eye via topical eyes drops has been proven to reduce IOP
in animal models. Recently, a chimeric formulation containing PGA latanoprost and NO donor
butanediol mononitrate (Latanoprostene bunod; Bosch + Lomb) has been approved for IOP
lowering therapy in glaucoma patients (55-60).

To maximize the therapeutic outcome, majority of glaucoma patients with mild to moderately
elevated IOP are started on combination of these drugs. Due to undesirable side effects,
noncompliance and nonadherence to therapy involving glaucoma eye drops is a challenge in the
treatment of the disease. Furthermore, IOP lowering effect of these medications is not absolute
and may not be long term. For patients with uncontrolled high IOPs, surgical interventions are

recommended. These interventions involve, among many, placement of a shunt in the outflow



pathway to dissipate pressure or strip the entire TM (trabeculectomy) along the limbal
circumference to reduce the resistance. Although effective for a short period of time, surgical
interventions are invasive and need careful consideration due higher rates of failure (61). Table 1
lists the complications often encountered during or after surgery.

Table 1 Complications associated with surgical interventions (61, 62).

Trabeculectomy Aqueous shunt implantation
Conjunctival buttonhole Flat anterior chamber

Scleral flap tear Hypotony

Intraoperative bleeding Choroidal effusion

Flat anterior chamber Corneal decompensation

Low filtration Tube blockage/fibrosis

Bleb leaks and fibrosis Tube erosion and exposure

Evidence for IOP homeostasis

IOP is maintained under strict homeostatic control, which keeps the pressure within an acceptable
physiological range throughout the life of most individuals (63). Continuous measurements of IOP
via telemetry in unrestrained, awake nonhuman primates have shown that IOP is dynamic and
fluctuates as much as 5 mmHg hour-to-hour (64). Despite the fluctuations, the mean IOP remains
close to the physiological normal. The IOP homeostatic effect was first demonstrated in perfusion
organ cultures of human anterior segments. Stabilized anterior segments perfused at a

physiologically relevant flowrate (2.5 pL/min) were subjected to a 2X increase in flow rate (5

pL/min), which doubled the measured pressure. However, despite the sustained 2X flow rate



applied, the pressure slowly declined (over several days) back to physiological levels. The outflow
system here sensed the elevated pressure and adjusted the outflow resistance to bring the pressure
back to pre-elevated levels (63, 65). Since this pivotal finding, there has been several reports
showing that anterior segments in perfusion organ culture can sense pressure elevation and respond
by adjusting outflow resistance. The TM is instrumental in maintaining this homeostatic control
over IOP by sensing mechanical perturbations in its environment and constantly adjusting the
resistance to AH outflow. When IOP or flow changes are large enough, TM cells sense this as
mechanical distortion on cell surface via mechanosensory receptors. It has been shown that
mechanical stretching or increased perfusion pressures trigger numerous expression changes that
leads to ECM remodeling and reduction of outflow resistance (65). How these mechanical forces
are perceived on the TM cells, and the cellular mechanism responsible for IOP homeostasis is yet

to be identified.

TRPV4 channels: mechanosensory receptors on the TM

One possible such mechanism for TM cells to sense IOP deviation would be to recognize
mechanical distortion on the cell surface via specific mechanoreceptors (65). TM cells are in
constant contact with the aqueous humor, and therefore are accustomed to the dynamic fluid flow
induced forces like shear stress, stretching, and distortion. It is only intuitive to assume that these
cells may have mechanosensory systems at play that help in perceiving the local environmental
forces and responding accordingly to mitigate the effects of such forces.

One such receptor known to be expressed on TM cells is the transient receptor protein vanilloid
IV (TRPV4) channel. TRPV4 ion channels are Ca*"-permeable nonselective cation channels that
are widely expressed in a variety of human tissues. Other than the TM, TRPV4 channels are

expressed in several different ocular tissues including ciliary epithelium, corneal endothelium, and
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retinal neurons. It is now known that TRPV4 plays a fundamental role in normal physiological
processes, and its impairment results in various diseases. By virtue of them being Ca?* influx
channels, TRPV4 channels are positioned to regulate a wide array of functions related to
maintaining cellular homeostasis. One revealing example of the physiological importance of
TRPV4 channels is found in the vascular endothelium, wherein this channel contributes to
intracellular Ca** homeostasis and regulation of cell volume while responding to the mechanical
forces on the vasculature. Several reports have demonstrated that TRPV4 channels are sensitive to
flow induced shear stress (66). Ca** influx mediated by activation of endothelial TRPV4 channels
is essential for regulating arterial tone, maintaining shear stress-induced arterial vasodilation, as
well as regulating membrane permeability. Interestingly, excessive activation of TRPV4 channel
leads to circulatory collapse due to leakage of microvascular permeability barrier. Therefore,
failure of normal TRPV4 channel expression and function can lead to disease pathology.

The TRPV4 gene is expressed on the long arm of chromosome 12 at position 24.1 (12q24.1).
Among the TRPV family of proteins (TRPV1-6), TRPV1 is the best characterized ion channel
with major advances made in determination of its structure (67). It is generally accepted that the
findings made in TRPV1 channel structure are relevant in context of TRPV4 channels because
there is high confidence that many of the structural features are similar. The putative TRPV4
protein is composed of 871 amino acid residues (68). It is normally assembled as a homotetramer,
although existence of heterotetramers have been reported as well (69-71). Each TRPV4 monomer
has six transmembrane alpha-helices (S1-S6) with a pore loop found between S5-S6 for cation
entry. The carboxy and amino termini are located on the cytoplasmic side. The amino terminal of
TRPV4 possess six ankyrin repeat domains (ARD). These are 33 residue sequence motifs, which

serve as anchoring points for protein-protein interactions and are necessary for the channels to
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function. The carboxyl terminus of the TRPV4, located adjacent to the pore loop domain, contains
the TRP domain, which essential for tetramerization of TRPV4 channel subunits into functional
channels. Furthermore, the carboxyl terminus is also responsible for protein folding, maturation,
and trafficking to cell of TRPV4 channels to cell membranes. Finally, the pore region of TRPV4
comprises of a pore loop and two transmembrane domains (S5-S6) on either side. The S6 segments
consisting of the pore are helical in structure with two constriction, one large and one small, which
open upon different types of stimuli (67, 70, 72). Although TRPV4 is a multimodal channel that
opens in response to several types of stimuli, it is not yet clear how the mechanical stress brings
about the gating of TRPV4 channels when the channel is activated by flow or shear.

Shear stress evoked by flow, which may inevitably also involve stretch, is known to activate
TRPV4 channels in vascular endothelium (66). As an important vasodilatory stimulus, flow
increases Ca** concentration in endothelial cells. This Ca®* response varies with different flow
conditions. It has been shown that TRPV4 agonist GSK1016790A increases Ca?" influx, which
induces arterial dilation. In cells loaded with Ca?" indicator and depleted of intracellular Ca**
stores, high-speed confocal imaging revealed that TRPV4 activation resulted in Ca?* influx events
that were highly localized and transient. These events were named TRPV4 sparklets. The
magnitudes of these events were quantal (per single channel), and up to four quantal levels were
detected in an optical recording of a single site, indicating simultaneous Ca?" influx through four
closely positioned channels. Furthermore, opening of one channel transiently increases
intracellular Ca?*, which due the inherent cooperativity between these channels potentiates the
activity of nearby TRPV4 channels. Strikingly, direct activation of fewer than three TRPV4
channels per endothelial cell was sufficient to induce maximal vasodilation (66, 73-75). These

vasodilatory effects of TRPV4 are evidently mediated by downstream nitric oxide (NO) signaling.
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Nitric oxide: a regulator of IOP

The discovery of NOs critical role in vasodilation marked a major advancement in the history of
physiology. Thereafter, researchers began to explore the messenger molecule’s functions beyond
the vessel wall, and they soon recognized that NO was a remarkably versatile messenger playing
a complex role in physiological activities of multiple human body systems. NO is a highly
lipophilic and volatile gaseous second messenger molecule that is uniquely capable of diffusing
readily through multiple cellular membranes. Its short half-life (<6 s) ensures temporal and spatial
control of signaling. Endogenous NO is generated from the NOS-mediated reaction that converts
L-arginine to L-citrulline. The NOS enzyme has three different isoforms: endothelial NOS (eNOS
or NOS3), neuronal NOS (nNOS or NOS1), and inducible NOS (iNOS or NOS2), all encoded by
different genes located on different chromosomes. Among the three NOS enzymes, eNOS and
nNOS are constitutively expressed in cells of endothelial and neuronal origin respectively, and
their activity is Ca?" dependent. Unlike eNOS and nNOS, iNOS is not expressed under
physiological conditions, instead its expression is induced in response to inflammatory cytokines
or bacterial endotoxins. eNOS is a complex enzyme that requires a number of cofactors but is
activated by the Ca?*-dependent binding of calmodulin (45). Once released from the endothelium,
NO stimulates soluble guanylate cyclase (sGC), resulting in a rise in cyclic-guanosine
monophosphate (cGMP), activation of cGMP-dependent kinase (PKG) and various downstream
cellular signaling mechanisms (59, 76-78).

NO has been implicated in numerous physiological processes of the eye, including IOP
homeostasis and ocular blood flow (59, 79, 80). Recent studies indicate that NO lowers IOP by
modulating TM contractile tone, cell volume and outflow resistance (77, 78, 81-85). Among the

outflow pathway tissues, the human TM constitutively expresses eNOS (86). Interestingly,
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downregulation of eNOS and upregulation of iNOS was observed in human POAG TM tissues
(86). However, signaling mechanisms that regulate NOS activity in the TM remain unknown. In
vascular tissues, it has been shown that endothelial TRPV4 channels promote eNOS activity and
NO production, resulting in endothelium-dependent vasodilatory effects (66, 87-89). Shear stress
has been shown to increase endogenous NO production in the outflow pathway tissues (90, 91),
which leads to reduced cell volume and stiffness in outflow pathway cells (90). In the eye, eNOS
and NO have an essential role in pressure homeostasis. eNOS is considered a pressure-dependent
regulator of IOP (92). Treatment with exogenous NO donors has been reported to reduce IOP and
increase outflow facility multiple animal models including mice (81), rabbit (76), non-human
primates (84), and human ex vivo models (85). Recently, a chimeric prostaglandin analog with NO
donating moiety has been approved by the FDA after successful clinical trials in human POAG
patients (58, 93-97). The scope of these compounds is limited by the short half-life of NO and
tendency of these NO donor compounds to prematurely release NO while en route to the TM.
Therefore, targeted delivery of exogenous NO has been very challenging. Given its importance in
pressure homeostasis, we are yet to unravel the intrinsic upstream mechanisms regulating eNOS
activity within the eye. It is crucial to understand how endogenous NO is regulated in the TM to

develop novel treatments specific to the conventional outflow pathway.

Significance

In POAG, morphological and biochemical changes at the TM results in increased resistance to AH
outflow and chronic elevation of IOP. However, the exact cause of TM dysfunction and IOP
elevation is yet to be elucidated. Therefore, it is critical to understand how TM regulates AH
outflow facility and IOP homeostasis under physiological conditions in order to develop more

specific treatments.
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TM cells are in constant contact with the AH, and therefore are exposed to the dynamic fluid forces
like shear stress, stretching, and distortion. Transient receptor potential vanilloid 4 (TRPV4)
channels are Ca?'-permeable cation channels that can be activated by flow-induced shear stress
(98-101). Upon activation, TRPV4 channels allow localized Ca*" influx (TRPV4 sparklets), which
influences a variety of cellular homeostatic processes (75, 102). Previous studies have shown that
TRPV4 channels are expressed in TM cells and tissues (103, 104). Moreover, selective TRPV4
channel activator GSK1016790A (GSK101) lowered IOP in rats and mice (103). Furthermore,
baseline IOP was higher in global TRPV4”- mice compared to wildtype (WT) littermates (103).
Another study by Ryskamp et al. demonstrated that inhibiting TRPV4 channels reduces elevated
IOP in a microbead occlusion model of glaucoma (104) (105). The microbead occlusion model
physically blocks TM outflow pathway, hence is not suitable for studying TM outflow. Unlike
previously published reports, we sought to understand the role of TRPV4 channels in regulating

the outflow facility and IOP under physiological conditions.

The specific objective of this study is to determine whether activation of the mechanosensory
TRPV4 channels improve outflow facility and reduce IOP via eNOS-dependent NO signaling, and
whether and whether TRPV4-NO signaling is impaired in glaucoma (Figure 1). Homeostatic
systems use sensors to detect the change in the environment, and this input is used to bring the
system back within the physiologically acceptable bounds. In the eye, IOP is maintained under
strict homeostatic control (63). However, the exact mechanisms used to detect the changes in IOP
and maintain homeostatic control are not completely understood. Mechanosensory TRPV4
channels have been previously implicated in regulation of IOP but evidence presented in the
literature is inconclusive and contradictory. In this study, we demonstrate that TRPV4 activation

via a specific agonist leads to rapid decrease in IOP and increase in outflow facility. It has been
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shown in several different tissues that TRPV4 activation leads to eNOS-mediated NO production
(87-89). NO is an important regulator of TM tone, and treatment with NO donors is known to
reduce IOP (81, 83, 84). We propose that TRPV4 is an intrinsic regulator of endogenous NO in
the TM. We hypothesize that mechanosensory TRPV4 channels regulate IOP and outflow

facility via activation of eNOS-dependent NO signaling in TM cells.

In POAG, morphological and biochemical changes at the TM results in increased resistance to AH
outflow and chronic elevation of IOP. However, the exact cause of TM dysfunction and IOP
elevation is yet to be elucidated. We further hypothesize that the TRPV4-eNOS signaling is

impaired in context to POAG.

The following are the three specific aims (Figure 1) investigated in this study:

Figure 1. Schematic of the study design.
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3)

To address this aim, we first demonstrated that TRPV4 channels are expressed on the TM,
and that these channels are functional at basal levels. Next we showed that TRPV4 channels
in primary TM cells can be activated by shear stress, which leads to intracellular influx of
Ca?' that is transient and localized. In animal model of C57B1/6J mice, we showed that
topical instillation GSK101 eyedrops leads to rapid decrease in IOP that lasts for at least
24 hours. We also show that TRPV4 agonist GSK101 treatment results in a noticeable
increase in outflow that is not statistically significant.

To determine whether TRPV4 mediated lowering of IOP is dependent on eNOS
signaling.

To address this aim, we first show that shear stress leads to increase in NO production in
primary TM cells, and that blocking TRPV4 channels diminish NO production. We next
show in pharmacological activation of TRPV4 channels leads to increase in eNOS
phosphorylation in primary TM cells and in ex vivo cultured human corneoscleral
segments (Chapter III).

To determine whether TRPV4-eNOS signaling is impaired in glaucoma.

To address this aim, we first show that mechanical and pharmacological activation of
TRPV4 channels does not lead to increase in TRPV4 sparklet activity in glaucomatous
primary human TM cells. TRPV4-mediated NO production is also impaired in
glaucomatous primary TM cells compared to normal TM cells. Lastly, we show that despite
the functional difference between normal and glaucoma TM cells, there is no significant

differences in expression of eNOS and TRPV4 protein levels.
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ABSTRACT

Primary Open Angle Glaucoma (POAG) is the most common form of glaucoma that causes
irreversible loss of vision. Sustained elevation of intraocular pressure (IOP) is a major risk factor
associated with POAG. The trabecular meshwork (TM), a sieve-like tissue, has an intrinsic ability
to sense the aqueous humor (AH) flow and maintain IOP homeostasis. Age-related pathological
changes at the TM are known to increase aqueous humor (AH) outflow resistance and cause
sustained IOP elevation, thereby contributing to glaucomatous pathophysiology. However, the
exact flow-sensing mechanisms in TM that maintain IOP homeostasis are not yet completely
understood. Using patch clamp analysis and high-speed calcium imaging, we unraveled the
physiological role of transient receptor potential vanilloid 4 (TRPV4) channels in flow-sensing
and maintaining IOP homeostasis at the TM. We demonstrate that functional TRPV4 channels
expressed on the TM cells can be activated pharmacologically or mechanically via shear stress.
We further show that pharmacological activation of TRPV4 channels in mouse eyes leads to
lowering of IOP and improvement in outflow facility, and TM-specific loss of TRPV4 channels
elevates IOP in conditional floxed TRPV4f mice. We then examined the downstream signaling
mechanism responsible for TRPV4-mediated lowering of IOP. Interestingly, we observed that
TRPV4 channels in TM activate endothelial nitric oxide synthase (eNOS) to promote outflow
facility and maintain IOP homeostasis. Activation of TRPV4 channels in the human TM cells and

ex vivo cultured human TM tissue leads to initiation of eNOS signaling and production of

40



endogenous nitric oxide (NO). Using NOS3”* mice, we demonstrate that functional coupling of
TRPV4-eNOS signaling is important in TRPV4-mediated lowering of IOP. To our knowledge,
this is the first report demonstrating impairment of TRPV4 channel activity in glaucomatous TM
cells. Furthermore, we show that TRPV4-eNOStwm signaling is impaired in glaucoma. Together,
our studies indicate that impaired TRPV4-eNOS signaling contributes to IOP elevation in

glaucoma.
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INTRODUCTION

Glaucoma is a heterogenic group of multifactorial neurodegenerative diseases characterized by
progressive optic neuropathy. It is the leading cause of irreversible vision loss with more than 70
million people affected worldwide (1), and the prevalence is estimated to increase to 111.6 million
by the year 2040 (2). Primary open angle glaucoma (POAG) is the most common form of
glaucoma, accounting for approximately 70% of all cases (1). POAG is characterized by
progressive loss of retinal ganglion cell (RGC) axons that can lead to an irreversible loss of vision
(1, 3). Elevated intraocular pressure (IOP) is a major, and the only treatable risk factor associated
with POAG (4). The trabecular meshwork (TM), a molecular sieve-like structure, maintains
homeostatic control over IOP by constantly adjusting the resistance to aqueous humor (AH)
outflow. In POAG, there is increased resistance to AH outflow, elevating IOP (5). This increase
in AH outflow resistance is associated with dysfunction of the TM (6-8). The flow-sensing
signaling mechanisms in TM and why these mechanisms fail to maintain IOP homeostasis in

glaucoma are poorly understood.

The TM has an intrinsic ability to sense the AH flow and regulate outflow facility to maintain IOP
homeostasis (6). Using ex vivo perfusion cultured human eyes, Bradley et al. demonstrated that
TM outflow system detects elevated flow and adjusts the outflow resistance to restore pressure
back to normal (9). However, these flow sensing mechanisms in TM cells are poorly understood.
TM cells are in constant contact with the AH, and therefore are exposed to the dynamic fluid forces
like shear stress, stretching, and distortion. Transient receptor potential vanilloid 4 (TRPV4)
channels are Ca?'-permeable cation channels that can be activated by flow-induced shear stress

(10-13). Upon activation, TRPV4 channels allow localized Ca*' influx (termed as TRPV4
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sparklets), which influences a variety of cellular homeostatic processes (14, 15). Previous studies
have shown that TRPV4 channels are expressed in TM cells and tissues (16, 17), and treatment
with a selective TRPV4 channel activator GSK1016790A (GSK101) lowered IOP in rats and mice
(16). Furthermore, baseline IOP was higher in global TRPV4”- mice compared to their wildtype
(WT) littermates (16). Another study by Ryskamp et al. demonstrated that inhibiting TRPV4
channels reduces elevated IOP in a microbead occlusion model of glaucoma (17), which is a model
used for studying glaucoma-like pathology in the back of the eye (18). These contradictory reports
highlight a need to better understand the role of TRPV4 channels in TM function and physiological
regulation of IOP. Using patch-clamp recordings and high-seed Ca** imaging, we show that
functional TRPV4 channels are constitutively expressed on the TM cells, and these channels can
be activated pharmacologically or mechanically via fluid-flow mediated shear stress. We further
show the role of TRPV4 channels in regulating physiological IOP and AH outflow facility. We
observed that TRPV4 activation via topical eyedrops reduces IOP and improves outflow facility.
We also show that conditional knockout of TRPV4 in the eye leads to increase in IOP. We next
proceeded to determining the downstream signaling mechanism responsible for TRPV-mediated

lowering of IOP.

Nitric oxide (NO) has been implicated in numerous physiological processes of the eye, including
IOP homeostasis and ocular blood flow (19-21). Recent studies indicate that NO lowers IOP by
modulating TM contractile tone, cell volume, and outflow resistance (22-28). In the eye, NO is
produced by nitric oxide synthase (NOS) family of enzymes, which includes neuronal nNOS,
endothelial eNOS, and inducible iNOS. nNOS and eNOS are constitutive and are tightly regulated
by Ca? signaling. On the contrary, iNOS is Ca*-independent, and it is induced in response to

immunologic or inflammatory stimuli. Among the outflow pathway tissues, TM is known to
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constitutively expresses eNOS (29), which is a known regulator of outflow facility and IOP
homeostasis (22, 24, 27, 30, 31). However, signaling mechanisms that regulate eNOS activity in
the TM remain unknown. In vascular tissues, it has been reported that TRPV4 channels promote
eNOS activity and cause vasodilation (32-35). Shear stress has been shown to increase endogenous
NO production in conventional outflow pathway cells (36, 37). We show that pharmacological or
shear-stress mediated mechanical activation of TRPV4 channels lead to initiation of eNOS
signaling and endogenous NO production in primary human TM cells and ex vivo cultured human
TM tissues. Using wildtype (WT) and NOS3”~ mice, we further show that TRPV4-mediated
lowering of IOP is eNOS-dependent. Our data reveal a functional coupling between TRPV4

channels and eNOS in the TM, which is important regulating physiological IOP homeostasis.

Glaucoma-associated pathological changes are known to cause TM dysfunction affecting several
physiological processes (8). One of the hallmarks of the glaucomatous TM is its inability to
maintain [OP homeostasis and regulate AH outflow resistance (6). However, the exact disease
mechanism that contributes to glaucomatous pathophysiology is yet to be unraveled. In this study,
we identify for the first time a glaucoma-associated functional impairment of TRPV4 channels,
which may contribute to TM dysfunction and IOP dysregulation. We compared TRPV4-eNOS
signaling in normal and glaucomatous primary human TM cells and report for the first time that
TRPV4 activity is compromised in glaucomatous TM cells. Furthermore, we show that TRPV4-
mediated activation of eNOS signaling and production of endogenous NO is significantly

diminished in glaucomatous TM cells and ex vivo cultured TM tissues.
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METHODS AND MATERIALS

Antibodies and reagents

Rabbit TRPV4 antibody (1:250; catalogue number ACC034; Alomone Labs), rabbit phospo-eNOS
antibody (1:1000; catalog number PA5-35879; Thermo Fisher Scientific), rabbit Total eNOS
antibody (1:100-500; catalog number NB300-500; Novus Biologicals), rabbit alpha-smooth
muscle actin antibody (1:100; catalog number ab5694; Abcam), GSK1016790A (catalogue
number G0798-10MG; Sigma Aldrich), GSK2193874 (catalogue number 5106; Tocris),
NONOate (catalogue number 136587-13-8; Cayman Chemicals), pan-NOS inhibitor L-NAME

(N5751-5G; Sigma Aldrich).
Animal models

Male and female C57BL/6J and NOS3” mice on C57BL/6]J background were obtained from the
Jackson Laboratory (Bar Harbor, ME). TRPV4"" mice on a C57BL/6J background were kindly
gifted by Wolfgang B. Liedtke (Duke University School of Medicine, NC, USA) (38). All mice
were 3-4 months old at the start of experiments. All mouse studies and care were performed in
compliance with the Association for Research in Vision and Ophthalmology Statement of the Use
of Animals in Ophthalmic and Vision Research and the University of North Texas Health Science
Center Institutional Animal Care and Use Committee regulations (Approved protocol:
TACUC2018-0032). Mice were housed under controlled temperature (21°C to 26°C) and humidity
(40% to 70%), with a 12-hour light/12-hour dark cycle (8:00 PM to 8:00 AM). Food and water
were provided ad libitum. The number of animals used in each experiment is indicated in the

corresponding figure legends.
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Intraocular Pressure (IOP) Measurement

Night-time Intraocular pressure (IOP) measurements in isoflurane anesthetized (2.5% isoflurane
and 0.8 L/minute O2) mice were performed using Tonolab rebound tonometry (Colonial Medical
Supply) as previously described (39, 40). Nighttime IOPs were measured under low-intensity red
light during night-time in dark-adapted conditions. An average of five individual readings was
considered as one reading, and six such readings were recorded for each eye. All I0OP

measurements were taken in a masked manner.
Aqueous humor outflow facility measurement

Aqueous humor outflow facility (C) was measured in live anesthetized mice using constant-flow
infusion method as described previously (41-43). Animals were anesthetized by intraperitoneal
injections of 100/10 mg/kg ketamine/xylazine cocktail. A quarter to half of this dose was
administered for maintenance of anesthesia as necessary. Both eyes were then administered a drop
of proparacaine HCI (0.5%; Akorn Inc.) for topical anesthesia. Anesthetized mice were placed on
a heated mat (37 °C) for maintenance of body temperature throughout the procedure. The anterior
chambers of both eyes were cannulated (1-2 mm posterior to the limbus) using a 30-gauge needle
inserted across the chamber carefully avoiding contact with the iris, lens capsule or epithelium.
The cannula is connected to a calibrated BLPR-2 flow-through blood pressure transducer (World
Precision Instruments; WPI) for the continuous determination of pressure within the eye. A topical
ocular drop of sterile PBS (Amresco®, Solon) was also instilled upon each eye to prevent corneal
drying. The opposing end of each transducer was connected to a 3-way valve, which in turn was
connected to a 50 pL glass microsyringe (Hamilton Company) filled with sterile PBS (previously

filtered through a 0.2 pm HT Tuffryn Membrane Acrodisc syringe filter; PALL Gelman
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Laboratory) loaded into an SP101i microdialysis infusion pump (WPI), and (2) an open-ended,
variable-height manometer. Signals from the pressure transducers were passed via a TBM4M
Bridge Amplifier (WPI) and a Lab-Trax analog-to-digital converter (WPI) to a computer. Data
were recorded using Lab-Scribe2 software (WPI). Eyes were initially infused at a constant flow
rate of 0.1 pL/minute. Following stabilization of pressure after 10-30 minutes, pressure
measurements were recorded over a 15-minute period, then the flow rates were increased
sequentially to 0.2, 0.3, 0.4, and 0.5 pL/minute. For each flow rate, three stabilized pressures at 5-
minute interval were recorded. Aqueous humor outflow facility (C) in each eye of each animal

was calculated as the reciprocal of a slope mean stabilized pressure across the different flow rates.
Intravitreal injection for viral vectors

A 33-gauge needle with a glass microsyringe (10-pL volume; Hamilton Company) was used for
intravitreal injection of Adenovirus serotype 5 encoding Cre (Ad5-Cre) and Ad5 encoding
scramble sequence (Ad5-Empty). The eye was proptosed, and the needle was inserted through the
equatorial sclera into the vitreous chamber at an angle of approximately 45 degrees, carefully
avoiding contact with the posterior lens capsule or the retina. Viral vectors in a volume of 2 pL (1
x 107 pfu/eye) were slowly injected into the vitreous and the needle was then left in place for an

additional 30 seconds to avoid leakage, before being withdrawn.
Cell culture

Primary human TM cells were isolated as reported previously (44, 45). Primary human TM cells
from normal (n=4 cell strains) and glaucoma (n=4 cell strains) donor eyes and transformed GTM3
cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich; catalogue
D6046-500ML) supplemented with 10% FBS, 1% penicillin-streptomycin (Sigma Aldrich), L-

glutamine and incubated at 5% CO> and 37°C in humidified conditions. Cell lysates were collected
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in 1X radioimmunoprecipitation assay (RIPA) buffer (Sigma Aldrich; catalogue R0278)

containing protease inhibitor cocktail and phosphatase inhibitor (Roche Life Sciences).

Ex vivo culture of human corneoscleral segments

Transplant ineligible, deidentified human corneoscleral segments were acquired from Lions Eye
Institute (Tampa, FL) in conformity to the guidelines outlined in the Declaration of Helsinki.
According to approved protocols for the Lions Eye Institute, informed consent was obtained from
the next of kin for use of ocular tissues for research purposes. Upon receipt, the corneoscleral
segments were washed 3 times with PBS (7.4 pH; Sigma Aldrich; catalogue 806552) and then
cultured at 37 °C and 5% CO; in phenol red-free Dulbecco’s Modified Eagle’s Medium (DMEM;
Sigma Aldrich; catalogue# D4947-500ML) supplemented with 10% FBS (Sigma Aldrich), L-
glutamine (Sigma Aldrich), and 1% Pen-Strep (Sigma Aldrich) as described previously (46). The

corneoscleral segments were utilized within 24 hours after receiving.

DAF-FM assay for nitric oxide detection

DAF-FM (4-Amino-5-methylamino- 2',7'-difluorofluorescein diacetate; Sigma Aldrich) assay was
performed to detect NO as described previously (47) with minor modifications. Human donor
corneoscleral segments were divided into quadrants and cultured in phenol red-free DMEM
medium (Sigma Aldrich) supplemented with 0.2% FBS and 1% penicillin-streptomycin (Sigma
Aldrich). The control and experimental treatments were performed on the quadrants of the same
eye to reduce variability associated with the use of contralateral eye. Quadrants were pre-treated
with 10 uM DAF-FM (Sigma Aldrich) dye and incubated at 37 °C for 30 minutes. Following
incubation, quadrants were washed 3 times with PBS and incubated for an additional 30 minutes
at 37 °C to allow proper incorporation and activation of intracellular dye. The quadrants were then

treated either with vehicle (0.001% DMSO), GSK101 (20 nM), L-NAME (100 uM; negative
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control), or NONOate (100 uM; positive control), and further incubated for 30 minutes at 37 °C.
After the incubation period, the quadrants were washed 3 times with PBS and prepared for
imaging. The TM rim (including the inner wall of Schlemm’s canal) was carefully dissected from
the unfixed corneoscleral quadrants and placed between coverslips for imaging under the

fluorescence microscope (Keyence).

Primary human TM cells were cultured on glass-bottom 24-well plates in phenol red-free DMEM
medium (Sigma Aldrich) supplemented with 0.2% FBS and 1% penicillin-streptomycin (Sigma
Aldrich). Cells were pre-treated with 10 uM DAF-FM (Sigma Aldrich) dye and incubated at 37
°C for 30 minutes. Following incubation, cells were washed 3 times with PBS and incubated for
an additional 30 minutes at 37 °C. The cells were then treated either with vehicle (0.001% DMSO),
GSK101 (20 nM), L-NAME (100 uM), or NONOate (100 uM), and further incubated for 30
minutes at 37 °C. After the incubation period, the cells were washed 3 times with PBS and imaged

under a fluorescence microscope (Keyence).

DAF-FM fluorescence images were analyzed by quantifying fluorescence intensity per unit area
(IntDen/um?) using ImageJ (National Institutes of Health; Bethesda; MD) as described previously

(48, 49).
Immunostaining

Paraffin-embedded human tissue sections from age-matched normal (n=6) and glaucoma (n=5)
donors were deparaffinized in xylene and rehydrated twice each with 100%, 95%, 70%, and 50%
ethanol for 5 minutes. For antigen retrieval, the tissue sections were incubated in citrate buffer (pH
6.0) at 100 °C for 15 minutes and then at room temperature for another 30 minutes. Tissue sections
were blocked with 10% goat serum made in 1x PBS containing 0.2% Triton-X 100 for 2 hours in

a dark and humid chamber. Tissue sections were then washed briefly with PBS and immunolabeled
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with primary antibody and incubated overnight at 4 °C. Tissue sections incubated without primary
antibody served as a negative control. After the incubation, tissue sections were washed three times
with PBS and further incubated for 2 hours at room temperature with the appropriate secondary
antibodies (1:500; Alexa goat anti-rabbit 568 or Alexa donkey anti-goat; Thermo Fisher
Scientific). Tissue sections were washed with PBS and mounted with mounting medium
containing DAPI nuclear stain (Vector Labs, Inc.). Images were captured using a fluorescence

microscope (Keyence).
Western blot analysis

Total protein (~30 pg) from cell lysates or corneoscleral segment TM rim lysates was run on
denaturing 4-12% gradient polyacrylamide ready-made gels (NuPAGE Bis-Tris gels, Life
technologies) and transferred onto PVDF membranes. Blots were blocked with 10% non-fat milk
in PBST solution (1X PBS + 0.1% TWEEN20; Sigma Aldrich) for 2 hours and then incubated
overnight with specific primary antibodies at 4 °C on a rotating shaker at 100 RPM. The
membranes were washed thrice with PBST and incubated with corresponding HRP-conjugated
secondary antibody for 2 hours. The proteins were then visualized using SuperSignal West Femto
Maximum Sensitivity detection reagent (Life technologies). Densitometric analysis was performed

on immunoblots using ImageJ (National Institutes of Health; Bethesda; MD).
Shear stress

Shear stress was applied to normal and glaucomatous primary human TM cells using the Ibidi
pump system (Ibidi, Munich, Germany). Primary TM cells (2 x 10° cells/slide) were seeded onto
IbiTreat p-slides I°¢ (Ibidi) and placed in an incubator at 37 °C with 5.0% CO». Primary TM cells
were allowed to settle for 3 days and become confluent before induction of shear. The Ibidi pump

system (Ibidi) was set up as per the manufacturer’s instructions and proprietary software was used
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to control the level of shear applied to cells by controlling total media flow rate. Shear levels were
simulated as 0.0, 1.0, and 3.0 dyne/cm? for no-shear, low-shear, and high-shear conditions
respectively. DAF-FM assay (Milllipore Sigma) was performed to determine the levels of NO

produced in response to shear.

Ca?" imaging and analysis.

Primary human TM cells from normal individuals or glaucoma patients were incubated with fluo-
4 AM (10 uM) and pluronic acid (0.04%) at 30 °C for 30 min. Ca?* images were acquired at 30
frames per second using Andor Revolution WD (with Borealis) spinning-disk confocal imaging
system (Andor Technology, Belfast, UK) comprising of an upright Nikon microscope with a 60X
water dipping objective (numerical aperture 1.0) and an electron multiplying charge coupled
device camera (50). Fluo-4 was excited using a 488 nm solid-state laser and emitted fluorescence
was captured using a 525/36 nm band-pass filter. TM cells were treated with cyclopiazonic acid
(CPA; 20 uM), a sarco-endoplasmic reticulum (SR/ER) Ca?*-ATPase inhibitor, for 10-min. CPA
per se does not alter the activity of TRPV4 sparklets (51, 52). TRPV4 sparklet activity was
recorded 5 minutes after the administration of TRPV4 activator GSK1016790A (GSK101, 3 nM).
Specific TRPV4 channel inhibitor GSK2193874 (GSK219, 100 nM, 10 min) was used to inhibit

TM TRPV4 sparklet activity.

The flow rate of the physiological salt solution was adjusted to obtain a shear stress of 1 dyne/cm?,

as calculated using the equation:

T.w.h?

6.1

Q:

2
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where Q is the flow rate, 1 is the shear stress, w is the width of the flow chamber, h is the height

of the flow chamber, and p is the viscosity of the solution (0.9 cP).

Ca®' images were analyzed using a custom-designed SparkAn software (developed by Dr. Adrian
Bonev, University of Vermont) (32, 51, 52). Fractional fluorescence traces (F/Fo) were obtained
by placing a 1.7 um? region of interest (ROI) at the peak event amplitude and were filtered using
a Gaussian filter and a cutoff corner frequency of 4 Hz. TRPV4 Ca?* sparklet activity was analyzed
as previously described (52, 53). TRPV4 sparklet activity is calculated as NPo (where N is number
of TRPV4 channels per site and Po is the open state probability of the channel), which was
calculated using the Single Channel Search module of Clampfit, previously reported quantal
amplitudes derived from all-points histograms (0.29 AF/Fo for fluo-4-loaded MAs), and the

following equation (14).

_ (Tlevell + 2Tlevelz + 3Tlevel3 + 4Tlevel4 )
NPo =

Ttotal

where T represents the dwell time at each quantal level and Tiotar is the total recording duration.
TRPV4 sparklet sites per cell was obtained by dividing total sparklet sites in a field by the number

of TM cells in that field.
TM cell patch clamp

TRPV4 channel currents were recorded in Trypsinized TM cells. Patch clamp electrodes (pipette
resistance = 4-6 QM) were pulled from borosilicate glass (O.D.: 1.5 mm; [.D.: 1.17 mm; Sutter
Instruments, Novato, CA, USA) using Narishige PC-100 puller (Narishige International USA,

INC., Amityville, NY, USA) and polished using MicroForge MF-830 polisher (Narishige
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International USA, INC., Amityville, NY, USA). Whole-cell currents were measured at room
temperature using a conventional whole-cell patch configuration. The bathing solution consisted
of 10 mM Hepes, 134 mM NaCl, 6 mM KCI, 2 mM CaCl,, 10 mM glucose, and 1 mM MgCl,
(adjusted to pH 7.4 with NaOH). The intracellular solution consisted of 20 mM CsCl, 100 mM Cs-
aspartate, 1 mM MgCl,, 4 mM ATP, 0.08 mM CaCl, 10 mM BAPTA, 10 mM HEPES, pH 7.2
(adjusted with CsOH). GSK101 (10 nM)-induced outward current was assessed in response to a
200-ms voltage step from -100 mV to +100 mV 5 minutes after the addition of GSK101. The effect
of TRPV4 inhibitor GSK219 (100 nM) on the outward currents was recorded 5 minutes after the
addition of GSK219. The data were acquired using HEKA EPC 10 amplifier and PatchMaster
v2X90 program (Harvard Bioscience, Holliston, MA, USA). The patch clamp recordings were
analyzed using FitMaster v2X73.2 (Harvard Bioscience, Holliston, MA, USA) and MATLAB

R2018a (MathWorks, Natick, MA, USA).

Statistical Analysis

Statistical Analysis was performed using GraphPad Prism 8 (San Diego, CA). Data are expressed
in means + SEM. Two-group comparisons were analyzed by Unpaired Student’s t-test. Multiple
comparisons were analyzed by Two-way ANOVA with Bonferroni post hoc test. Significance was

designated at *P < 0.05, **P < 0.01, and ***P < 0.001.

53



RESULTS

Presence of functional TRPV4 channels in human primary TM cells and tissues.

We first examined localization of TRPV4 protein in TM tissue by immunostaining post-mortem
human donor eyes. In agreement with a previous report (17), TRPV4 protein was localized to TM
tissue and the endothelial lining the SC (Figure 1A). Next, we examined TRPV4 channel activity
in human primary TM cells (n=4 donor strains) using high speed Ca** imaging and patch clamp
analysis. Ca®" influx signals through individual TRPV4rym channels (“TRPV4 sparklets”,(14))
were recorded in fluo-4AM-loaded TM cells using spinning disk confocal microscopy (Figure
2A). A 1.6 um? region of interest (ROI) was placed at each sparklet site to generate the fractional
fluorescence (F/Fo) traces (Figure 2B). The quantal level, or single channel amplitude, was AF/FO
0f 0.29, similar to what we have reported in vascular cells (54). The activity of TRPV4ry sparklets
was increased by GSK101 (3 nM), and inhibited by TRPV4 inhibitor GSK2193874 (GSK219, 100
nM, Figure 2C). GSK101 also elicited GSK219-sensitive ionic currents in TM cells (Figures 2D,
E). These results firmly establish the presence of functional TRPV4 channels and Ca?" influx

through these channels in TM cells.
Fluid flow mediated shear stress activates TRPV4 channels in the TM.

TRPV4 channels are known to be activated by increases in shear stress, although a direct
mechanosensation by TRPV4 channels is debatable. Fluid flow-induced shear stress is an essential
promoter of TM function and IOP homeostasis. We hypothesized that increased shear stress
activates TRPV41m channels, thereby promoting TM function and lowering IOP. Shear stress was

increased by altering the fluid flow in a rectangular flow chamber. Increasing the shear stress from
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0 dynes/cm? to 1 dyne/cm? increased the number of TRPV4ry sparklet sites and activity per
TRPV4rym sparklet site in human primary TM cells in a reversible manner (Figures 3A-B).
Moreover, in the presence of TRPV4 channel inhibitor GSK219, increased shear stress was unable
to activate TRPV4ry sparklets (Figures 3C-D). These results provided the first direct evidence that

increased fluid flow/shear stress promotes Ca?" influx through TRPV4ry channels.
TRPV4 channels maintain outflow facility and IOP homeostasis in mice.

Previous studies have reported conflicting results regarding the role of TRPV4 in IOP regulation.
Luo et al. demonstrated that activation of TRPV4 channels reduce IOP in rats and mice (16).
Another study by Ryskamp et al. demonstrated that inhibiting TRPV4 channels reduces elevated
IOP in a microbead occlusion model of glaucoma (17) (18). Unlike previously published reports,
we sought to understand the role of TRPV4 channels in regulating the outflow facility and IOP
under physiological conditions. Following measurements of baseline night-time IOP, 3 months old
C57BL/6J mice were treated with 5 uL eyedrops of 20 uM GSK101 in one eye and vehicle (0.01%
DMSO) in the contralateral control eye. IOP was measured at 0.5, 1, 2, and 24 hours post-
treatment. GSK 101 treatment significantly reduced the IOP, a decrease in IOP that started at 0.5
hours and lasted until 24 hours post-treatment (Figure 4A). No decrease in IOP was observed in
the control eyes. Next we determined whether activation of TRPV4 channels regulate outflow
facility. C57BL/6J mice were treated with 5 uL. eyedrops of 20 uM GSK101 or 0.01% DMSO
vehicle 30 minutes prior to measurement of conventional outflow facility using constant flow
infusion method (42). A noticeable increase in outflow facility was observed in GSK101 treated
eyes compared to vehicle treated controls (Figure 4B). Although we did not find the difference to
be statistically significant, it is likely of biological relevance given that TRPV4 activation

improved outflow facility above normal baseline levels in WT mice. To determine the importance
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of TRPV4 channels in maintaining physiological IOP homeostasis, we induced conditional
knockout of TRPV4 from TM tissue (TRPV4~-1\) by intravitreal injections of adenovirus (Ad) 5
expressing Cre in TRPV4" mice. The contralateral eyes were injected with Ad5-Empty. Weekly
night-time IOP measurements revealed a significant increase of IOP starting at week 2 post-
transduction in Ad5-Cre injected eyes compared to Ad5-Empty injected contralateral control eyes
(Figure 5A). We next examined specificity of GSK101-mediated IOP lowering on TRPV4
channels in TM using above TRPV4”1y mice. Following week 4 IOP measurements on TRPV4/
mice, both eyes were treated with topical eyedrops of 20 uM GSK101 and IOP measurements
were performed 30 minutes post treatment. A significant decrease in IOP was observed in Ad5-
Empty transduced eyes compared to a slight drop in Ad5-Cre transduced eye (Figure 5A). Absence
of IOP lowering effect in Ad5-Cre transduced TRPV4{/f indicates that GSK101 selectively targets

TRPV4 channels for regulation of IOP. Together, these data indicate critical role of TRPV4

channels in regulation of IOP.
TRPV4 is functionally coupled to eNOS signaling in the TM.

In vascular tissues, we and others have shown that TRPV4 channels promote eNOS activity and
cause vasodilation (32-35). Shear stress has been shown to increase eNOS phosphorylation and
endogenous NO production in outflow pathway cells (36). We therefore hypothesize that
mechanically activated TRPV4ry channels reduce IOP and improve outflow facility via activation
of eNOStMm and NO release. Previous studies suggest an important role for eNOS in human TM
and SC cells (19, 22, 30). Here, we further sought to confirm eNOS expression in human TM
tissues. Age-matched paraffin-fixed human anterior segment tissues (n=6 donors) were stained
with eNOS antibody. In agreement with a previous report (55), we observed robust eNOS labeling

in the TM and SC endothelial cells. (Figure 6A). We next sought to examine whether TRPV4
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channel activator GSK101 promotes eNOS activity in human TM cells and TM tissues (Figures
6B-E). Human TM cells treated with GSK101 for 30 min also showed increased eNOS
phosphorylation (Figure 6B). GTM3 cells were treated with either vehicle or GSK101 for various
time periods and cellular lysates were examined by Western blot analysis (Figure 6C). Treatment
with GSK101 led to increase in eNOS phosphorylation levels starting at 10 minutes post treatment.
Using recently developed ex vivo cultured corneoscleral segment model (46), we further
demonstrate that GSK101 treatment induces phosphorylation of eNOS in human TM tissues
(Figure 6D-E). Human cultured corneoscleral segments were treated with GSK101 or vehicle for
30 min. Western blot analysis revealed increased levels of p-eNOS after treatment with GSK101.
We next examined whether activation of TRPV4 channels leads to an increase in NO production
using fluorescent NO indicator, 4-amino-5 methylamino-2’,7’-difluorofluorescenin diacetate
(DAF-FM) staining. Human TM cells (Figure 7A-B) and ex vivo cultured human corneoscleral
segment tissues (Figure 7C-D) were pretreated with DAF-FM and then subsequently treated with
20 nM GSK101 with or without L-NAME (pan-NOS inhibitor; negative control) or DETA-
NONOate (NO donor; positive control). Treatment with GSK101 significantly increased NO
production in TM cells and tissues as evident from increased DAF-FM fluorescence intensity,
which was partially blocked by pan-NOS inhibitor. Positive control, DETA-NONOate also

significantly increased NO production in primary human TM cells.
TRPV4 lowers IOP by activating eNOS signaling.

eNOS-derived NO is an essential regulator of IOP homeostasis and eNOS activity is known to be
reduced in glaucoma (22, 28, 30, 56). We first sought to examine whether global NOS3”- mice
develop elevated IOP. Night-time IOPs were significantly higher in global NOS3~~ mice compared

to age-matched WT littermates (Figure 8A). This suggest a role for eNOS in IOP regulation. Next,
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we utilized NOS3-~ mice to determine whether TRPV4-mediated lowering of IOP is dependent on
eNOS signaling. WT and NOS3"~ mice were treated with 20 um GSK101 in one eye and 0.01%
DMSO vehicle in the contralateral control eye 30 minutes prior to night-time IOP measurements.
GSK101 treatment significantly lowered IOP in WT mice but not in NOS3”" mice (Figure 8B).

This indicates that eNOS is necessary for TRPV4-mediated physiological regulation of IOP.
TRPV4 channel activity is impaired in glaucoma.

Although TM senses the changes in flow and maintains IOP, pathological mechanisms for the
failure of TM to maintain IOP homeostasis in glaucoma remain elusive. We hypothesized that
impairment of TRPV4rtm channels contributes to reduced eNOS activity, elevating IOP in
glaucoma. We first examined TRPV4ry sparklet activity in normal and glaucomatous primary
human TM cells treated with 3 nM GSK101 (Figure 9). TRPV4 sparklet activity per site and the
number of sparklet sites were significantly lower in TM cells from glaucoma patients. While an
increase in shear stress from 0 dynes/cm? to 1 dyne/cm? elevated TRPV4ry sparklet activity in
normal TM cells (Figure 10), it was unable to increase TRPV4ry activity in glaucomatous TM
cells, further supporting impaired TRPV4rwv channel regulation in glaucoma. We next examined
whether lower TRPV4 activity is a result of lower protein expression levels (Figure 6B-C).
Western blot analysis demonstrated slightly increased TRPV4 protein levels in glaucomatous TM
cells, indicating that impaired channel regulation, rather than channel expression, contributes to

the lowering of TRPV4 channel activity in glaucoma.
TRPV4-mediated shear stress transduction is compromised in glaucoma.

TRPV4 channels are widely known to be activated by flow/shear stress (10, 12, 33). Shear stress
has also been shown to increase eNOS phosphorylation and endogenous NO production in outflow

pathway cells (36). We next examined whether TRPV4 is essential in shear stress mediated NO
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production in normal and glaucomatous primary human TM cells. We subjected normal and
glaucomatous primary human TM cells to various magnitudes of shear stress (0, 1, or 3 dyne/cm?)
and measured NO production using intracellular NO-binding DAF-FM assay (Figure 11). We
observed a slight increase in NO production in normal TM cells treated with 1 dyne/cm? shear
stress compared to 0 dyne/cm? treatments, and this increase was even higher in 3 dyne/cm?. This
effect was inhibited by TRPV4 antagonist GSK219, signifying that TRPV4 plays a crucial role in
shear stress mediated NO regulation. Furthermore, we did not observe any noticeable changes in

shear stress induced NO levels in glaucomatous TM cells.
Coupled TRPV4-eNOS signaling is disrupted in glaucoma.

We further tested the hypothesis that impaired TRPV4 activity in glaucoma results in reduced
eNOS activity and NO production. DAF-FM assay for measurements of intracellular NO levels
revealed that GSK101 significantly increased NO production in primary TM cells from normal
donor but not in glaucomatous TM cells (Figure 12A-B). This was corroborated by Western blot
analysis of p-eNOS (Figure 12C-D), which revealed a 3-fold increase in eNOS phosphorylation in
GSK101-treated normal TM cells over vehicle-treated normal TM cells. In glaucomatous TM

cells, however, GSK101 was unable to increase eNOS phosphorylation.
Expression of TRPV4 and eNOS in normal and glaucomatous TM

We next examined whether lower TRPV4 activity is a result of lower protein expression levels
(Figure 13). Western blot analysis demonstrated slightly increased TRPV4 protein levels in
glaucomatous TM cells that was not significant. We next examined expression levels in TM tissues
from normal and glaucoma donors (Figure 14). Immunohistochemistry analysis demonstrated only

a slight increase in eNOS protein levels in glaucomatous TM cells, which was not significant. This
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data indicates that perhaps impaired function, rather than expression, contributes to the lowering

of TRPV4 channel activity in glaucoma.

Human donor tissues

No Primary

Figure 1. Expression of functional TRPV4 channels in the human TM. Immunohistochemical
images showing expression of TRPV4 (red) in the human TM and SC endothelium. No primary

antibody control (bottom). n =5, scale bar = 50 um.
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Figure 2. TRPV4 Ca*' sparklets represent Ca®" influx through TRPV4 channels on TM cell
membranes. A. A greyscale image of a field of view with ~10 TM cells; square boxes represent
the regions of interest (ROIs) placed at TRPV4 sparklet sites; experiments were performed in the
presence of cyclopiazonic acid (SERCAA inhibitor, CPA, 20 [JM) and GSK1016790A (GSK101,
TRPV4 activator, 3 nM). B. Representative F/Fy traces generated using the ROIs shown in (A)
indicate GSK101-elicited TRPV4 sparklets. Dotted red lines represent quantal level or single
channel openings. C. Averaged TRPV4 sparklet activity before or after the addition of TRPV4
inhibitor GSK219 (100 nM, n=7-8). **p<0.01 vs. GSK101 (3nM). TRPV4 sparklet activity is
expressed as NPo per site. N represents the number of TRPV4 channels at a site and Po is the open
state probability of the channels. D. Representative traces for ionic currents through TRPV4
channels in TM cells under baseline condition and in the presence of GSK101 (10 nM), recorded
in the whole-cell patch configuration. E. Averaged outward currents in TM cells at +100 mV under
basal conditions, and in the presence of GSK101 (10 nM) or GSK101 + GSK219 (100 nM). *

p<0.05 vs. Basal. Data are presented as mean + SEM.
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Figure 3. Flow/shear stress increases TRPV4 channel activity in TM cells. A. Left, a greyscale
image of fluo-4-loaded TM cells; the ROIs represent TRPV4 sparklet sites in the absence of flow
(green square boxes; 0 dyne/cm?) or the presence of flow/shear stress (red square boxes; 1
dyne/cm?); right, F/F traces from the ROIs shown in the greyscale image indicate TRPV4 sparklet
activity before (0 dyne/cm?) and after (1 dyne/cm?) flow/shear stress. B. Averaged TRPV4 sparklet
activity (left) or the number of sparklet sites per cell (right) in the absence (0 dyne/cm?, n=6) or
presence of flow (1 dyne/cm?, n=6). C. Left, a greyscale image of fluo-4-loaded TM cells in the
presence of GSK219 (TRPV4 inhibitor, 100 nM); the ROIs represent TRPV4 sparklet sites in the
absence (green square boxes; 0 dyne/cm?) and or presence of flow/shear stress (red square boxes;
1 dyne/cm?); right, F/Fy traces from the ROIs on the grayscale image indicate TRPV4 sparklet
activity before (0 dyne/cm?) and after (1 dyne/cm?) flow/shear stress. Experiments were performed

in the presence of the TRPV4 channel inhibitor GSK219 (100 nM). D. Averaged TRPV4 sparklet
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activity (left) or the number of sparklet sites per cell (right) in the absence (0 dyne/cm?, n=6) or
presence of flow (1 dyne/cm?, n=6). Experiments were performed in the presence of the TRPV4

channel inhibitor GSK219. Data are presented as mean + SEM.
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Figure 4. TRPV4 channels regulate outflow facility and IOP homeostasis. A. TRPV4-activation
lowers IOP in C57BL/6J mice. Following measurement of dark-adapted baseline IOP, animals
were topically administered 5 ul eyedrops of 20 pM GSK101 in one eye and 0.01% DMSO vehicle
in the contralateral eye. Dark-adapted IOP was measured at 0.5, 1, 2, and 24 hours intervals post
treatment. Data are represented as mean £ SEM. P < 0.001 vs same time-point in vehicle group, n
= 5 eyes/group; Two-way analysis of variance, followed by Bonferroni’s post-hoc test. B.
Comparison of conventional outflow facility between GSK 101 treated and vehicle treated mouse
eyes. Animals were administered 5 ul eyedrops of 20 uM GSK101 in one eye and 0.01% DMSO
in contralateral eye 30 minutes prior to measurement of conventional outflow facility using
constant flow infusion method. Data are represented as mean + SEM. P = 0.0505 vs vehicle, n =

7 eyes/group; Unpaired two-tailed t-test.
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Figure 5. Elevation of IOP in Ad5-Cre transduced TRPV4Y' mice. Following baseline
measurement of dark-adapted IOP, animals were injected with Ad5-Cre in one eye and Ad5-Empty
in the contralateral control eye. Dark-adpated IOP was measured at 1, 2, 3, and 4" week intervals.
Following the 4" week IOP measurement, both eyes were treated with 5 ul GSK101 (20 uM) and
dark-adapted IOP was measured 30 min post-treatment. Data are represented as mean + SEM.
**F*xP < 0.001 vs same time-point in control group (Ad5-Empty), ###P<0.001 vs previous time
point (4 week) in same group. n = 4 eyes/group; Two-way analysis of variance, followed by

Bonferroni’s post-hoc test.

64



A o No primary control B 30 min
2 Veh GSK
°
§ 125 KD | | p-eNOS
S
g 37 KD [Me—| GAPDH
€
£ Human primary TM cells
c 10 20 30 60 D 30 min E oy,
Veh GSK Veh GSK Veh GSK Veh GSK o “~ *
Control Ve el e e Veh GSK % 2o -
- - \ p-eNOS £~
125 kD D St G e gt St El g . I
— i : i - Total eNOS &
135 kD S S e st | W e 2 1o X
—— s .
37 kD e | GAPDH S o0s
o] %
Transformed GTM3 cells hTM Tissues % 0.0l
a Vehicle GSK101
hTM tissues

Figure 6. TRPV4 channels are functionally coupled to eNOS in the human TM cells and tissues.
A. Immunohistochemical images showing expression of eNOS (red) in the human TM and SC
endothelium (n=6). Nuclei counterstained with DAPI (blue; center image). No primary antibody
control (right image). Scale bar = 50 pm. B-C. TRPV4-activation leads to phosphorylation of
eNOS in TM cells. Representative Western blot image (B) showing expression of p-eNOS in
primary human TM cells (n=3) treated with 20 nM GSK101 or 0.001% DMSO vehicle control.
Representative Western blot image (C) showing expression of p-eNOS, total eNOS, and GAPDH
in lysates from cultured transformed TM cells (GTM3; n = 3) treated with 20 nM GSK101 or
0.001% DMSO wvehicle for 10, 20, 30, and 60 min intervals. D-E. TRPV4-mediated
phosphorylation of eNOS in human donor TM tissues. Representative Western blot showing
expression of p-eNOS, total eNOS, and GAPDH in ex vivo cultured human TM tissues treated
with 20 nM GSK101 and 0.01% DMSO vehicle. Densitometric analysis compares ratio of p-
eNOS/total eNOS between the groups. P < 0.05 vs vehicle, n = 3/group; Unpaired two-tailed t-

test.
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Figure 7. TRPV4 activation leads to NO production in primary TM cells and ex vivo cultured
human TM tissues. A-D Images and comparisons of DAF-FM intensity (IntDen/um?) in normal
human TM cells (A-B) and ex vivo cultured primary human TM tissues (C-D) treated with 0.001%
DMSO vehicle, 20 nM GSK101, 20 nm GSK101 + 100 uM L-NAME, or 100 uM DETA/NO.
Scale bar = 50 pum (top panel); 100 pm (bottom panel). P < 0.001, n = 3 cell strains /group; One-

way analysis of variance, followed by Bonferroni’s post-hoc test.

66



A oex B 24~ n.s.

25~
22_ *kk 1
234 ¥ S 20 i
[©) Ts
I3 » 184
£§ 2 :gi E 5 18 °
v% - (]
ai & = 14 I
= 17 s T 121 4
10..
15; 1 1 GT 1 1
0 — ; Veh GSK101  Veh GSK101
Wildtype NOS3"- °

Wildtype NOS3"

Figure 8. TRPV4-mediated lowering of IOP is eNOS dependent. A. Dark-adapted baseline IOP in
WT C57BL/6J mice and NOS3”~ mice. Data are represented as mean + SEM. P < 0.001 vs WT, n
= 12 eyes/group; Unpaired two-tailed t-test. B. Effect of TRPV4-activation on IOP in WT and
NOS3" mice. WT and NOS3”- animals were administered 5 ul eyedrops of 20 uM GSK 101 in one
eye and 0.01% DMSO in contralateral eye 30 min prior to measurement of dark-adapted IOP. Data
are represented as mean + SEM. P < 0.001 vs vehicle group, n = 5 eyes/group; One-way analysis

of variance, followed by Bonferroni’s post-hoc test.
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Figure 9. Pharmacological activation of TRPV4 channels is impaired in glaucomatous TM cells.
Averaged TRPV4 sparklet activity in normal (n=3) and glaucomatous (n=3) primary human TM
cells treated with 3 nM TRPV4 agonist GSK101. TRPV4 sparklet activity is expressed as NPo per
site and number of sparklet sites per cell. N represents the number of channels at a site and Po is

the open state probability of the channels. Data are presented as mean + SEM.

68



0.20- 1.2-

1.0.-
0.16- P=0.4468 @ _ P=0.6383
@ = 0.8-
‘w 0.124 8 -
o ()]
9 2 0.6-
()]
2° 0.08. 5 . .
=z o % X 0.4 }: I
| & g
0.04. : » 02 . ) 3
0.00 . : 0.0 - -
({\L "‘ \0‘& 6%
0@%\0 oe\o((\ dﬂ“ee d\\(\e\o
Qd\! ,\6\3 Q A

Figure 10. Sensitivity to shear stress is diminished in glaucoma. Averaged TRPV4 sparklet activity
in the absence (0 dyne/cm?, n=6) or presence (1 dyne/cm?, n = 6) of flow/shear stress. The
experiments were performed in the presence of GSK101 (3 nM). TRPV4 sparklet activity is
expressed as NPo per site and number of sparklet sites per cell. N represents the number of
channels at a site and Po is the open state probability of the channels. Data are presented as mean

+ SEM.
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Figure 11. Shear stress-mediated TRPV4-eNOS signaling is diminished in glaucomatous TM cells.
A. Normal and glaucomatous primary human TM cells were subjected to different shear stress
conditions (0, 1, and 3 dyn/cm?), and treated with NO-binding DAF-FM dye to determine shear
stress-mediated NO production. TRPV4 antagonist GSK219 (100 nM) was used to determine the
role of TRPV4 in shear stress transduction. High shear stress (3 dyn/cm?) led to increased DAF-
FM fluorescence intensity, which was reduced by TRPV4 antagonist GSK219. n = 3 normal, 2
glaucoma; scale = 50 puM. B. Mean DAF-FM fluorescence intensity/um? in normal and

glaucomatous primary TM cells.

70



B ® Veh

Vehicle GSK101 A GSK101
150

] B GSK101 + L-NAME
_ ) ]l @ DETA-NONOate *
o 1 *%
[8)
= 2., 100
= £ J *
DAF-FM (10 pM) g \2 ]
= @ *
I A 4
E E ] I n.s.
o o 50 =
£ N ¢ A
3 < ] ° ]
3 o
3 1 i ’{_‘ I 3
(D 4
0__1-_‘.'-1 . |

Normal Glaucoma

()
)

%(_n 5] *%*
Primary hTM Cells 88 ]
(/)8 4
Normal Glaucoma 95 T
YL
_ - o—g
125 kD SN s S | 0-cNOS ;,% :
135KD[B . L s | o eNOS £8
he Ss ! =
37 kD --_— GAPDH o3

Normal Glaucoma
Human primary TM cells

Veh GSK101 Veh GSK101

Figure 12. TRPV4-eNOS coupling is impaired in glaucomatous TM cells. A. Representative image
comparing TRPV4-mediated NO production in normal and glaucomatous primary human TM cells
using DAF-FM assay. Normal and glaucomatous primary TM cells were pretreated with NO-
binding DAF-FM fluorescent dye (green) and then treated with 0.001% DMSO vehicle, 20 nM
GSK101, 20 nm GSK101 + 100 uM L-NAME, or 100 uM DETA/NO. n = 3/group, scale = 50 um.
B. Quantification of DAF-FM fluorescence intensity/um? in normal and glaucomatous primary
TM cells. P < 0.001 vs vehicle treated group, n = 3 cell strains/group; One-way analysis of
variance, followed by Bonferroni’s post-hoc test. C-D. Representative immunoblot image
comparing p-eNOS, total eNOS and GAPDH levels in normal and glaucomatous TM cells after
treatment with 20 nM GSK101 or equivalent vehicle control (0.001% DMSO). Densitometric

analysis showing relative fold change in p-eNOS levels in normal and glaucomatous primary
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human TM cells over their respective vehicle treated controls. n = 3 cell strains/group; Unpaired

two-tailed t-test.
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Figure 13. There is no significant change in TRPV4 expression between normal and glaucomatous
TM cells. Immunoblot detection of TRPV4 channels in normal and glaucomatous primary human
TM cells. Densitometric analysis comparing TRPV4/GAPDH ratio in both groups is shown (C). n

= 4/group; Unpaired two-tailed t-test.
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Figure 14. Expression of eNOS is not significantly different in normal and glaucomatous TM.
Immunohistochemistry analysis of eNOS expression in normal and glaucomatous human TM from
donor tissues. Quantification of fluorescence intensity/um? in normal (n=6) and glaucomatous

(n=6) human TM tissues. Unpaired two-tailed t-test.
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DISCUSSION

In this study, we assessed the role of TRPV41m channels in flow-sensing signaling mechanisms
under physiological conditions and its impairment in glaucoma. We show that TRPV41y channels
sense the flow induced shear, promote TM function and maintain IOP homeostasis. Furthermore,
we demonstrate for the first time that these channels are functionally impaired in glaucoma,
rendering TM cells insensitive to fluid-flow induced shear stress. This glaucoma-associated
functional impairment of TRPV41m channels may contribute to IOP elevation over time, leading

to glaucomatous neurodegeneration.

We show that mechanical or pharmacological activation of TRPV4 channels leads to influx of
extracellular calcium, detected as TRPV4 sparklets in real-time using high-speed Ca2+ imaging.
Although global calcium influx for extended period of time is considered toxic for cells, our high-
speed confocal imaging reveals that TRPV4 sparklets are highly localized and occur over a very
short period of time. Furthermore, TM cells have high tolerance for calcium, an important second
messenger necessary for several cellular processes including cytoskeletal remodeling and cell
volume regulation. Interestingly, we also observed localization of TRPV4 sparklets in membrane
protrusions that connect neighboring TM cells located tens of microns apart. These membrane
protrusions closely resembled the previously described structures (57) called tunneling nanotubes
(TNTs). TNTs aid in cell-to-cell communication permitting the exchange of membrane and
cytoplasmic materials between neighboring TM cells (58, 59). TNTs have also been shown to
mediate transmission of intercellular Ca2+ signals, which in a manner is analogous to the well-

established intercellular transmission of Ca2+ waves via gap junctions (59). Although this data
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suggests a role for TRPV4 sparklets in cell-to-cell propagation of mechanosensory signals in TM

cells, more work is needed to further characterize this type of communication.

Trabecular meshwork cells are in constant contact with the AH, and therefore are exposed to an
array of dynamic fluid forces like shear stress, stretching, and distortion. From a biomechanical
standpoint, the TM tissue, due to its complex architecture, experiences a variety of mechanical
forces depending on the region of interest. For example, the juxtacanalicular region of the TM, a
densely packed layer of TM cells embedded in ECM, is likely to experience more strain and
distension as a result of hydrostatic pressure. On the other hand, the uveal and corneoscleral
meshwork regions of the TM which consists of lattice-like collagenous beams lined with
specialized TM cells, allow little resistance to the flow of AH through the intertrabecular space.
Therefore, TM cells in these regions are more likely to experience shear generated by AH flow.
Previous reports have demonstrated the capability of TM cells to experience fluid-flow induced
shear stress (36, 60). However, the exact molecular mechanisms involved in shear-stress sensation
at the TM are still unknown. In this study, we show that TRPV41m channels sense the flow-induced
shear, which leads to downstream signaling necessary for maintenance of IOP homeostasis.
TRPV4 channels are calcium permeable channels that are known to be activated by flow-induced
shear stress (10, 12, 33). We demonstrate that the induction of shear stress on primary human TM
cells leads to a significant increase in Ca®* sparklets, a transient and localized spike in Ca?". This
effect was reversed by selective TRPV4 channel antagonist GSK219, indicating that TRPV4
channels play an important mechanosensory role in the TM. Pathological changes at the TM are
known to accumulate overtime and contribute towards TM dysfunction, as a result affecting
several physiological processes including IOP homeostasis (8). We demonstrate that induction of

shear-stress in glaucomatous TM cells derived from POAG donors did not result in an increase in
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Ca?" sparklets. This indicates that TRPV4-mediated mechanosensing is impaired in glaucomatous

primary TM cells.

Given its mechanosensory role in TM cells, we examined whether TRPV4 channels regulate IOP
and outflow facility in WT C57BL/6J mouse model. Topical instillation of TRPV4 agonist
GSK101 to mouse eyes resulted in a significant decrease in IOP over vehicle treat control eyes
starting at 30 minutes post treatment, and this effect lasted until 24 hours. These results are in
agreement with a previous study reporting that activation of TRPV4 channels via intraperitoneal
delivery of GSK101 lowers IOP in rats and mice (16). On the other hand, a separate study by
Ryskamp et al. reported that inhibition of TRPV4 channels by a selective antagonist reduces
elevated IOP in microbead-injected ocular hypertensive mice (17). This contradictory effect may
be attributed to their use of TRPV4 antagonist in a glaucoma model system that involves injection
of micro-beads to the irideocorneal angle, which physically blocks the outflow pathway and
elevates IOP. In contrast, we used WT C57BL/6J mouse model to study the effects of TRPV4
agonist GSK101 on baseline IOP, when delivered topically. Compared to previous studies, which
did not study TM outflow pathway, our study demonstrates that GSK101 lowers IOP by increasing
AH outflow facility as measured using the constant-flow infusion method (41-43). Although the
GSK101 mediated improvement in outflow facility was not statistically significant (P = 0.0505),
we consider it to be biologically relevant given that this increase in outflow facility is above
baseline levels in WT C57BL/6J mice. To show the importance of TRPV4 channels in
maintenance of physiological IOP homeostasis, we selectively deleted TRPV4 from mouse TM
by intravitreally injecting Ad5-Cre in TRPV4{/f mouse eyes. Selective deletion of TRPV4 from
the TM using Ad5-Cre vector resulted in a more pronounced elevation in IOP compared to

previously reported global knockout mouse model (16). TRPV4 channels that are expressed in
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several different ocular tissues including ciliary body, retina, and corneal endothelium. Thus,
global knockout of TRPV4 may affect other physiological parameters like AH production and
blood pressure, which can lead to confounding effects. Moreover, we observed that GSK101
treatment did not have a significant IOP lowering effect in Ad5-Cre transduced TRPV4"" mouse
eyes when compared to Ad5-Empty transduced control eyes. The diminished IOP-lowering effect
of GSK101 in TRPV47f mouse eyes indicates that GSK101 is selective against TRPV4 channels.

These data implicate TRPV4 in the physiological regulation of IOP and outflow facility.

Nitric oxide is a known modulator of numerous physiological processes of the eye, including IOP
homeostasis and ocular blood flow (19-21). In the TM cells, shear stress has been shown to
increase NO production (36), which can lead to relaxation of TM (23) by modulating the
contractile tone of the TM (24, 27, 30). Furthermore, treatment with exogenous NO donor
compounds has been reported to reduce IOP and increase outflow facility in mice (22), rabbit (31),
non-human primates (27), and human ex vivo models (28). Recently, a chimeric drug containing
prostaglandin analog latanoprost and NO donating moiety butanediol mononitrate has been
approved for glaucoma therapy by the United States Food and Drug Administration (FDA) after
successful clinical trials in human POAG patients (61-66). Despite the apparent therapeutic
benefits of exogenous NO, it is important to acknowledge the paradoxical effects of excess NO
that may lead to pathological outcomes. At lower concentrations, NO is an important homeostatic
mediator that is beneficial for cell survival, whereas at high concentrations excess NO can lead to
nitrosative stress and physiological dysregulation (67). Given the importance of NO in glaucoma,
very little is known about the upstream mechanisms that regulate endogenous NO production in
the eye. The NOS isoform eNOS is considered a major contributor to the NO biosynthesis in the

TM, and increased eNOS levels in the mouse TM has been associated with reduction of IOP (30).
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In contrast to a previous study (68), we observed robust expression of eNOS in human TM tissues
obtained from donor eyes. Expression of eNOS was also observed in human primary TM cells and
mouse tissues. We further demonstrate that mechanical or pharmacological activation of TRPV4
channels leads to NO production in primary TM cells and ex vivo cultured donor tissues, and this
TRPV4-mediated production of NO is impaired in glaucomatous TM cells. Furthermore, our data
indicates that TRPV4 is an intrinsic regulator of eNOS-NO signaling based on the following two
observations: 1) Treatment with TRPV4 agonist GSK101 increased p-eNOS levels in primary
human TM cells and ex vivo cultured tissues; 2) Similarly, treatment with GSK101 led to an
increase in endogenous NO production in TM cells and ex vivo cultured TM tissues. 3)
Furthermore, GSK101-mediated lowering of IOP was diminished in NOS3”- global knockout
mouse model. To account for the confounding effects of global NOS3”~ model, we treated mouse
eyes with pan-NOS inhibitor L-NAME and observed similar effect. In agreement with a previous
report (69), we observed that NOS3”~ mice have higher baseline IOP compared to their WT
littermates. Downregulation of eNOS activity and a reduced availability of NO is associated with
POAG (21, 56, 70). Our data indicates that TRPV4-eNOS signaling pathway is affected in
glaucoma. We observed that TRPV4-mediated eNOS phosphorylation is diminished in
glaucomatous primary TM cells when compared to normal TM cells. Furthermore, treatment with
GSK101 did not result in an increase in NO production in glaucomatous human TM cells. We
further showed that induction of fluid-flow induced shear stress leads to an increase in NO
production in normal TM cells but not is glaucomatous TM cells. Shear stress mediated production
of endogenous NO was reduced in cell treated with TRPV4 antagonist GSK219, indicating an
important role for TRPV4 channels in shear stress mediated NO production. In conclusion, our

data substantiates the role of TRPV4 channels in shear stress sensation at the TM, nitric oxide
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regulation, and physiological regulation of IOP and outflow facility. Upon mechanical activation,
these channels intrinsically regulate endogenous NO production in primary human TM cells. We
also demonstrate that TRPV4-mediated lowering of IOP requires activation of downstream eNOS
signaling. To our knowledge, this is the first report showing functional impairment of TRPV4-
eNOS signaling in glaucomatous primary human TM cells. In POAG, TRPV4-eNOS impairment
may perhaps be affecting TM cells ability to detect and mitigate pathophysiological changes in the
AH outflow pathway. From a clinical perspective, this study identifies a key physiological pathway
responsible for homeostatic regulation of IOP in normal human beings, which is impaired in
glaucoma patients. Future studies will target this pathway in order to alleviate disease-associated

pathology.
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ABSTRACT

Chronic elevation of intraocular pressure (IOP) is a major risk factor associated with Primary Open
Angle Glaucoma (POAG), a common form of progressive optic neuropathy that can lead to
debilitating loss of vision. Recent studies have identified the role of nitric oxide (NO) in regulation
of IOP, and as a result several therapeutic ventures are currently targeting enhancement of NO
signaling in the eye. Although low level of NO is important for the ocular physiology, excess
exogenous NO can be detrimental. Therefore, ability to directly measure NO in real-time is
essential for determining the role of NO signaling in glaucomatous pathophysiology. Historically,
NO activity in human tissues has been determined by indirect methods that measure levels of NO
metabolites (nitrate/nitrite) or downstream components of NO signaling pathway (cGMP). In this
proof-of-concept work, we assess the feasibility of direct, real-time measurement of NO in ex vivo
cultured human corneoscleral segments using electrochemistry. NO-selective electrode (ISO-
NOPF200) paired to a free-radical analyzer (TBR1025) was placed upon the TM rim for real-time
measurement of NO released from cells. Exogenous NO produced within cells was measured after
treatment of corneoscleral segments with esterase-dependent NO-donors DETA-NONOate/AM
(20 uM) and Latanoprostene bunod (5-20 uM). DAF-FM assay (fluorescent NO-binding dye) was
used for validation. A linear relationship was observed between the electric currents measured by
NO-sensing electrode and the NO standard concentrations, thereby establishing a robust
calibration curve. Treatment of ex vivo cultured human donor corneoscleral segments with DETA-
NONOate/AM and Latanoprostene bunod led to a significant increase in NO production compared
to vehicle treated controls, as detected electrochemically. Furthermore, DAF-FM fluorescence

intensity was higher in outflow pathway tissues of corneoscleral segments treated with DETA-
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NONOate/AM and Latanoprostene bunod compared to vehicle treated controls. In conclusion,
these results demonstrate that NO-sensing electrodes can be used to directly measure NO levels in

real-time from the tissues of the outflow pathway.
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INTRODUCTION

Glaucoma is a complex multifactorial neurodegenerative disease characterized by progressive
optic neuropathy. It is the leading cause of irreversible loss of vision with more than 70 million
people affected worldwide (1), and this number is estimated to increase to 111.6 million by the
year 2040 (2). Primary open angle glaucoma (POAG) is the most common form of glaucoma,
accounting for approximately 70% of all cases (1). Elevated intraocular pressure (IOP) is a major
risk factor associated with the development and progression of the disease (3, 4), and it is the only
modifiable risk factor in POAG. Therefore, majority of medical and surgical interventions are

targeted towards reduction of IOP (5).

IOP is tightly regulated by the balance in secretion of the aqueous humor (AH) from the ciliary
epithelium and its rate of elimination from the eye by the conventional and unconventional outflow
pathways. The conventional outflow pathway consisting of a sieve-like tissue called trabecular
meshwork (TM) is responsible for the majority of resistance to AH outflow (5-7). Increase in
resistance at the TM leads to chronic IOP elevation and glaucomatous pathology (8-10). Therefore,
current drug therapies are targeted at the TM outflow pathway for lowering IOP and reducing

resistance to aqueous humor outflow.

Nitric oxide (NO) has been implicated in numerous physiological processes of the eye, including
IOP homeostasis and ocular blood flow (11-13). Recent body of evidence strongly implicates NO
in regulation of IOP by modulating TM contractile tone and outflow resistance (14-20). It has been
shown that exogenous delivery of NO via donor compounds reduces IOP in mice (14), rabbit (21),

non-human primates (19), and human ex vivo tissue models (20). Latanoprostene bunod, a
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chimeric prostaglandin analog with NO donating moiety has been recently approved by the United
Sates Food and Drug Administration (FDA) as an IOP reducing therapeutic after successful
clinical trials in humans (22-27). Although the benefits of exogenous NO delivery in glaucoma are
apparent, it is important to acknowledge the paradoxical role of NO that may also contribute to
disease pathology. The effect of NO is largely concentration dependent. At lower concentrations,
NO can be beneficial to cell survival and can act as an important homeostatic mediator, whereas
at high concentrations excess NO can lead to nitrosative stress and physiological dysregulation
(28). Exogenous NO donor drugs get activated in cells via nonspecific esterase-dependent NO
release mechanisms which can lead to unwanted release of NO in nontargeted tissues. In the eye,
nitric oxide synthase (NOS) family of enzymes are primarily responsible for the production of
endogenous NO. This endogenous NO produced in very low amounts is responsible for regulation

of enzymatic processes and physiological pathways (20, 29, 30).

Given the benefits, we are yet to elucidate the intrinsic regulatory pathways controlling
endogenous production of NO in the eye. The spatial and temporal concentrations of NO are of
extreme importance for determining the role of NO signaling in pathophysiology of glaucoma.
High reactivity, rapid diffusion, and short half-life of NO makes it challenging to accurately
measure its level in biological tissues. Although several techniques have been utilized for indirect
measurement of NO, electrochemical (amperometric) detection of NO is the only available
technique sensitive enough to determine physiologically relevant concentrations of NO in real time
(31, 32). To assess the role of NO in glaucomatous pathophysiology and to determine the release
profile of NO donor drugs, it is crucial to directly and accurately measure the NO levels in real-
time. A previous study used a derivative of Clark-type NO-sensing electrode setup for measuring

NO produced in enucleated bovine eyes (33). Due to advancement in electrode technology, these
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Clark-type electrodes can now be made in the microscale size and be highly flexible for use in ex
vivo or in vivo settings. Here we used a commercially available, microscale (200 pm diameter)
version of the Clark-type electrode for detection of NO in human ex vivo cultured corneoscleral

tissue.

Although animal and human models share remarkable physiological and anatomical similarities,
the results obtained in animal models rarely translate to disease modifying outcomes. We have
previously reported the use of ex vivo cultured human corneoscleral segments in modeling
glaucomatous pathology (manuscript in review). These human corneoscleral segments with intact
TM and outflow pathway tissues are gifted post-mortem for corneal transplant. Corneoscleral
segments that are ineligible for transplant are made available for biomedical research at a fraction
of the processing cost compared to whole globes. This ex vivo cultured human corneoscleral model
allows study of physiological processes and disease pathology in a system that closely mimics the

1n vivo state.

In this proof of concept study, we utilize the ex vivo cultured human corneoscleral segment model
to electrochemically measure the NO generated from donor compounds in real-time at the TM
outflow pathway. We further validate these results using a secondary, fluorescence-based DAF-

FM assay for NO detection.
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METHODS AND MATERIALS

Ex vivo culture of human corneoscleral segments

Transplant ineligible, deidentified human corneoscleral segments were acquired from Lions Eye
Institute (Tampa, FL) in conformity to the guidelines outlined in the Declaration of Helsinki. Upon
receipt, the corneoscleral segments were washed 3 times with PBS (7.4 pH; SigmaAldrich; St.
Louis, MO) and then cultured at 37 °C and 5% CO in DMEM culture medium supplemented with
10% FBS (Sigma Aldrich; St. Louis, MO), L-glutamine (Sigma Aldrich; St. Louis, MO), and 1%
Pen-Strep (Sigma Aldrich; St. Louis, MO). The culture medium was exchanged daily with fresh

medium.

Electrode calibration and NO-sensing electrode setup

Direct measurements of NO were performed using TBR1024 Free Radical Analyzer and NO
sensing electrode (ISO-NOPF200) obtained from World Precision Instruments (WPI; Sarasota,
FL). Currents reading were recorded in the LabScribe-3 software (WPI; Sarasota, FL). Electrodes
were calibrated prior to experiments according to the manufacturer’s instructions by the
decomposition of a NO donor S-nitroso-N-acetyl-penicillamine (SNAP; WPI; Sarasota, FL) using
CuCla. SNAP was prepared by dissolving 5 mg EDTA (Sigma Aldrich; St. Louis, MO) and 5.0
mg of SNAP in 250 mL HPLC grade water. The electrode was immersed in 20 mL of 0.1 M CuCl;
(Sigma Aldrich; St. Louis, MO) in distilled water until the electrode stabilized (1-2 hrs). A
calibration curve was created by sequentially adding bolus volumes of SNAP after each signal
reached a plateau. The sampling rate used was 10 samples/s. The change in recorded current was

converted to corresponding molarities of NO produced by SNAP addition. The efficiency of the
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conversion of SNAP to NO was 0.6. All measurements were performed within a chemical hood in
constant airflow and at room temperature in order to avoid any temperature fluctuations and
electrical interference. Prior to each measurement the electrode was polarized for 2 hours in PBS.
Human corneoscleral segments with intact TM rims were washed 3 times with PBS and placed in
a 24 well plate submerged in 1 mL PBS. Measurements were performed in PBS instead of
complete media in order to avoid interference from other nitrogen containing compounds. We
anticipated that the length/area of TM may influence the amount of NO generated. To normalize
this variable, we use the entire corneoscleral segment with an intact TM rim for real-time
electrochemical measurement of NO. Furthermore, to reduce the variability between different
donors, we use pairs of corneoscleral segments from the same donor for vehicle and drug
treatments. The electrode was lowered into the well and clamped in such a way that the tip of the
electrode remained in contact with the TM rim throughout the experiment (Figure 1A). A stable
baseline was achieved following which the corneoscleral segments were treated with NO-donor
drugs or vehicle. Troubleshooting of common problems encountered during application of the
technique are listed in Supplementary Table 2. DETA-NONOate/AM (O:-acetoxymethylated
diazeniumdiolate; MilliporeSigma; Burlington, MA) (34) and 0.024% Latanoprostene bunod
(Bausch & Lomb, Bridgewater, NJ) are the two NO-donor compounds tested in this study.
Latanoprost was used as the vehicle against the NO-donor Latanoprostene bunod. Both ophthalmic
solutions (Latanoprostene bunod and Latanoprost) were obtained from a local pharmacy Daniel

Drugs (Fort Worth, TX).

Fluorochemical DAF-FM Assay for nitric oxide labeling

Human donor corneoscleral segments were divided into quadrants and cultured in phenol red-free

DMEM media (Sigma Aldrich; St. Louis, MO) supplemented with 0.2% FBS and 1% Pen-Strep
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(Sigma Aldrich; St. Louis, MO). The vehicle and experimental treatments were performed on the
same eye to reduce variability associated with the contralateral eye. Quadrants from each eye were
first treated with 10 pM DAF-FM (Millipore Sigma; Burlington, MA) dye and incubated at 37 °C
for 30 min. Quadrants were then washed 3 times with PBS and incubated for an additional 30 min
at 37 °C to allow proper incorporation and activation of dye within cells. The quadrants were then
treated either with different NO-donor compounds or with appropriate vehicle controls, and further
incubated for 30 min at 37 °C. After the incubation period, the quadrants were washed 3 times with
PBS and prepared for imaging (Figure 1B). The TM rim (including the inner wall of Schlemm’s
canal) was carefully dissected from the unfixed corneoscleral quadrants and placed between
coverslips for imaging under the microscope (Keyence; Itasca, IL). DAF-FM fluorescence images
were analyzed by quantifying fluorescence intensity per unit area (IntDen/pm?) using Imagel

(National Institute of Health; Bethesda; MD) as described previously (35, 36).

Statistical Analysis

Statistical Analysis was performed using GraphPad Prism 8 (San Diego, CA). Data are expressed
in means + SEM. Two-group comparisons were analyzed by Unpaired Student’s t-test. Multiple
comparisons were analyzed by Two-way ANOVA with Bonferroni post hoc test. Significance was

designated at *P < 0.05, **P < 0.01, and ***P < 0.001.
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RESULTS

Electrochemical detection of NO involves the oxidation of NO on the electrode surface and
subsequent measurement of the redox current generated. When the NO microelectrode (consisting
of a working and reference electrode pair) is immersed in a solution containing NO and a positive
potential is applied, NO is oxidized at the working electrode surface producing a redox current.
Thus, the amount of NO oxidized is proportional to the current flow at the electrode, which is
measured by the free radical analyzer. As recommended by the manufacturer, NO generated by
decomposition of SNAP was used to calibrate the NO-sensing electrode (ISONOPF-200). The
calibration curve demonstrates a linear relationship between the amount of NO generated from

SNAP and the current detected at the electrode (Figure 2).

A previous study has demonstrated electrochemical measurement of NO in enucleated bovine eyes
(33). Here we examined whether ex vivo cultured human corneoscleral segments can used to detect
chemically generated NO in the outflow pathway tissues. Our improved understanding of the NO
signaling pathway and its involvement in several disease pathologies has aided development of
several esterase-dependent NO donor compounds for therapy. We asked whether this NO-sensing
electrode setup can be utilized for measuring NO in human tissues. We tested two NO-donor
compounds, DETA-NONOate/AM and the clinically tested and FDA approved Latanoprostene
bunod. DETA-NONOate/AM is a commercially available intracellular NO donor compound with
esterase-dependent NO release mechanism (34). Each pair of human corneoscleral segments were
treated with 20 uM DETA-NONOate/AM or equivalent vehicle. Representative response graph
shows an increase in detected current from the segments treated with DETA-NONOate/AM

compared to vehicle treated control (Figure 3A). A ‘no tissue’ control was used to determine
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whether extracellular degradation of NO in aqueous solution was contributing to the detected
current. We did not observe an increase in NO current after addition of DETA-NONOate/AM in
aqueous PBS (Figure 3A). Furthermore, treatment of corneoscleral segments with 20 uM DETA-
NONOate/AM for 30 min resulted in a significant increase in NO production compared to vehicle
treated controls (Figure 3B). We further used DAF-FM assay to fluorescently label NO in the
outflow pathway tissues in order to validate the results obtained via electrochemistry. Quadrants
of human corneoscleral segments were pretreated with DAF-FM and then subsequently treated
with 20 uM DETA-NONOate/AM or vehicle control. A significant increase in DAF-FM
fluorescence intensity was observed in quadrants of corneoscleral segments treated with DETA-

NONOate/AM compared to vehicle treated control (Figure 4A-B).

Latanoprostene bunod is an aqueous soluble chimeric compound constituting Latanoprost (IOP
lowering prostaglandin analog) linked to butanediol mononitrate (NO-donor moiety). The NO
released from Latanoprostene bunod is implicated in regulating AH outflow resistance at the
conventional outflow pathway and has been recently approved for IOP lowering therapy in human
glaucoma patients (22-25, 37). Each pair of ex vivo cultured human corneoscleral segments was
treated with increasing concentrations of 5-20 uM Latanoprostene bunod or equivalent vehicle
Latanoprost. The NO-sensing electrode setup was used to measure the subsequent NO production.
A dose-dependent increase in NO production was observed in the segments treated with
Latanoprostene bunod compared to vehicle Latanoprost (Figure 5). Furthermore, DAF-FM
staining intensity was significantly higher in the segments treated with 20 pM Latanoprostene

bunod compared to Latanoprost vehicle (Figure 6A-B).
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Human ex vivo cultured
corneoscleral segments
(Lions Eye Institute Tampa, FL)

DAF-FM staining

Instruments

TM Extraction

TBR1025 L \f E
Nitric oxide sensor

Imaging

Figure 1. Experimental setup for the study. A. Workflow for electrochemical NO measurement
using NO-sensing electrode. Cultured human donor corneoscleral segments were washed 3X with
PBS and placed in 24 well plate with 1 mL PBS. Drug treatments were performed after stable
baseline was achieved. The output current corresponds to level of NO generated (~10 pA/nM)
which is detected at the free radical analyzer (TBR1025). The signal is amplified by a 4-channel
Lab-Trax amplifier and analyzed using LabScribe3 software (by WPI). B. Workflow for
fluorochemical measurement of NO using DAF-FM assay (intracellular NO-binding dye).
Quadrants of human donor corneoscleral segment were cultured at 37°C in DMEM media
supplemented with 2% FBS and 1% PS and treated with 10 uM Nitric Oxide binding fluorescent
DAF-FM dye for 30 min. Cells and tissues were washed with 1X PBS and treated with different
drugs or vehicle and incubated at 37°C for additional 30 min. Tissues were then washed 3X with

PBS and TM rim was removed and imaged using fluorescence microscopy.
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Figure 2. Linear regression analysis of the relationship between amount of NO added and the

electric current obtained from the NO electrode (ISO-NOPF200).
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Figure 3. Detection of NO in human corneoscleral segments after treatment with DETA-
NONOate/AM (exogenous NO donor). A. Representative response plot showing amperometric
current readings obtained after treatment of ex vivo cultured human corneoscleral tissues with an
exogenous NO donor DETA-NONOate/AM or equivalent vehicle. A visible spike in recorded
current was observed as a result of DETA-NONOate/AM treatment on human corneoscleral
segments. A ‘no tissue’ control was employed to ensure that the detection of NO signal was tissue
dependent and not a result of NO release in aqueous PBS. B. Change in NO concentration from
baseline after 30 min of treatment with Deta-NONOate/AM (20 uM) or equivalent vehicle (0.1%
DMSO) at room temperature. Data are expressed as means = SEM; n = 5 for each group; ** P <

0.001; Two-tailed unpaired Student’s t test.
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Figure 4. A. Increase in DAF-FM fluorescence intensity in quadrants of human corneoscleral
segments after treatment with DETA-NONOate/AM (exogenous NO donor) compared to vehicle
treated controls. Quadrants of human donor corneoscleral segments from each eye (n = 4 per
group) were pretreated with intracellular NO-indicator dye DAF-FM dye (10 uM) and then treated
with DETA-NONOate/AM (20 uM) or vehicle (0.1% DMSO) at 37°C for 30 min. Images were
taken using fluorescence microscopy at 100X magnification (Scale bar = 50 um). B. Quantification
of DAF-FM fluorescence intensity per unit area (IntDen/um?) in DETA-NO/AM and vehicle
treated corneoscleral segments using ImageJ analysis. Data are expressed as means + SEM; n =4

for each group; *** P <0.001; Two-tailed unpaired Student’s t test.
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Figure 5. Dose dependent increase in NO levels in human corneoscleral segments after treatment
with Latanoprostene bunod compared to Latanoprost vehicle control. Cultured human donor
corneoscleral segments were treated with increasing doses of Latanoprostene bunod (5-20 uM) or
equivalent volume of Latanoprost (vehicle) and change in levels of NO from baseline were
recorded. Each subsequent bolus dose was given after the signal plateaued (~10 min). Washout
readings were recorded after a 30 min period. Data are expressed as means + SEM; n = 4 for each

group; ** P <0.01, *** P <(0.001; Two-way ANOVA.
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Figure 6. A. Increase in DAF-FM fluorescence intensity in quadrants of human corneoscleral
segments after treatment with Latanoprostene bunod compared to controls treated with vehicle
Latanoprost. Quadrants of human donor corneoscleral segments from each eye (n = 4 per group)
were pretreated with intracellular NO-indicator dye DAF-FM dye (10 uM) and then treated with
Latanoprostene bunod (20 pM) or Latanoprost vehicle. Quadrants treated with LBN showed
increased DAF-FM fluorescence intensity compared to vehicle treated controls. Images were taken
using fluorescence microscopy at 100X magnification (Scale bar = 50 um). B. Quantification of
DAF-FM fluorescence intensity per unit area (IntDen/um?) in Latanoprostene bunod and
Latanoprost Vehicle treated corneoscleral segments using ImagelJ analysis. Data are expressed as

means + SEM; n = 4 for each group; *** P <0.001; Two-tailed unpaired Student’s t test.
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Table 1. Troubleshooting solutions for real-time electrochemical measurement of NO in human
corneoscleral segments (adapted from Worlds Precision Instruments).

Issue

Possible cause

Solution

Baseline current
below specified

Incorrect setting selected on
the TBR1025 analyzer.

Set the poise voltage to 865 mV (NO setting)
on TBR1025. Set the range to 100 nA

Sensor may be nearing the

Perform calibration using fresh standard

range end of its usable life. solutions. If problem persists, change NO

Sensor.

Interference from chemical Wash corneoscleral segments with PBS at

contaminants from growth least 5 times prior to initiating measurement.

media.

The polarizing solution may | Prepare fresh polarizing solution (0.1M

be contaminated. CuCl,). After polarization, we recommend
using PBS to stabilize the electrode.

Unstable g
baseline External electrical Identify and isolate electrical interference.

interferences may be a

problem.

Interference from external Identify external heat sources and isolate

heat sources. equipment. We recommend using a laminar
airflow hood.

Stock solutions have Prepare fresh SNAP standard solution and

deteriorated. repeat calibration.

i Chemical contaminants in Use ultrapure milliQ water in preparing
Nqn- 1near water or on glassware. solutions. Wash glassware with milliQ water
calibration

prior to use.

Uneven aliquots may have
been used.

Check pipette calibration.

Low sensitivity

Probe not in contact with the
trabecular meshwork (TM)
rim.

Secure the sensor in a manner that it is in
constant contact with the TM rim.

Use of disintegrated TM rim
tissue corneoscleral segment
tissue.

Use corneoscleral segments with intact TM
rim and overall tissue morphology for a
robust response.

Foreign material adsorbed on
the sensor surface.

Wash the sensor with detergent if the
material is protein from growth media or
Ultrapure milliQ water if it is salt from PBS.

Sensor has reached the end
of its usable life.

Replace the sensor.
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DISCUSSION

Cornea is the most commonly donated human tissue in the world. In the United States alone,
116,990 corneas were donated in the year 2016, of which only 63,596 corneas were used for
transplantation (38). Due to low specular cell counts (<2000 cells), accidental damage, or abnormal
medical history of the patient (suspected cases of dementia or risk of prions disease) majority of
donated corneas are deemed ineligible for transplant. These ineligible corneoscleral explants
having intact conventional outflow pathway tissue are made available for research with lower
processing cost compared to intact whole globes. Cost and tissue availability are the two barriers
that prevent wider use of human tissue in biomedical research. Vision scientists that collaborate
with eye banks are in a unique position to overcome these barriers and study disease
pathophysiology in an ex vivo system that closely mimics the in vivo state. We have previously
reported the versatility of ex vivo cultured human donor corneoscleral segments in modeling
glaucomatous pathology (manuscript in review). We have shown that treatment of human
corneoscleral segments with glaucoma-associated factors like dexamethasone and recombinant
transforming growth factor (TGF) B2 results in glaucoma-related phenotypes which include
increased ECM production and ER stress in the AH outflow pathway. In this study, we determine
the feasibility of using donated human corneoscleral segments for directly measuring NO

production in real-time.

In POAG, dysfunction in the NO signaling pathway and reduced bioavailability of NO has often
been associated with the disease pathology (39-41). As a result, enhancement of NO signaling
using exogenous NO donor compounds has emerged as a promising new therapeutic avenue.

Furthermore, the recent push in the development of IOP lowering NO-donor compounds has
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unraveled an unmet need for direct measurement of NO in ocular tissues. However, high reactivity,
rapid diffusion, and short half-life makes it challenging to accurately measure the level of NO in
biological tissues. Currently, electrochemical measurement is the sole method for directly
quantifying physiologically relevant amounts of NO in real-time. A previous study used a
derivative of the Clark-type electrode setup for direct, electrochemical measurement of NO in
bovine eyes (33). Since then, electrode technology has seen considerable progress with the
development of smaller, flexible, and more sensitive electrodes for NO measurement in tissues.
We used a commercially available NO-sensing electrode with high selectivity for NO to measure
real-time NO production in human tissues. To our knowledge, this is the first study utilizing ex
vivo cultured human corneoscleral segments to directly measure NO generated from donor
compounds in real-time. We electrochemically measured NO produced in the AH outflow pathway
after treatment of human corneoscleral segment tissues with two structurally different exogenous
NO-donor compounds, both having esterase-dependent intracellular NO release mechanism. Each
pair of human corneoscleral segments were treated with either the NO-donor compounds DETA-
NONOate/AM (20 uM) and Latanoprostene bunod (5-20 pM) against equivalent vehicle control.
The detected NO currents which corresponds to the amount of NO produced were significantly
higher in the tissues treated with NO-donors compared to equivalent vehicle treated controls
(Figures 3A-B, 5). Furthermore, we used DAF-FM assay as a secondary technique for validation
of the electrochemical data. The fluorescence intensity of NO-binding dye DAF-FM was higher
in the quadrants of corneoscleral segment tissues treated with the NO-donors compared to controls
(Figures 4A-B and 6A-B). These results indicate that the NO-sensing electrode is able to
successfully detect the exogenous NO produced by NO-donors in human tissues. We also

examined whether there were differences in NO-donor compounds in terms of NO release. We
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observed relatively robust NO currents and higher DAF-FM fluorescence intensity in segments
treated with Latanoprostene bunod (20 pM) when compared to DETA-NONOate/AM (20 uM)
treated segments. Latanoprostene bunod appears to be superior in tissue penetration, rate of
metabolization, and NO production. This was surprising because the stoichiometric ratio for NO
release from Latanoprostene bunod is lower (1 mol of NO/mol) than that of DETA-NONOate/AM
(1.83 mol of NO/mol). A possible explanation for this is that Latanoprostene bunod is an aqueous
soluble compound compared to DETA-NONOate/AM. Furthermore, Latanoprostene bunod
formulation used in this study is clinically approved and refined for superiority compared to the

relatively untested DETA-NONOate/AM.

Ocular tissues like the TM, corneal endothelium, and Schlemm’s canal endothelium can
metabolize the donor compounds and produce NO currents. It is important to note that both the
NO-donors used in the study can indiscriminately enter cells of any tissue and produce exogenous
NO currents. Although this makes it difficult to determine the exact tissue source for the detected
NO currents, we consider that the majority of detected NO is produced at the conventional outflow
pathway tissues. Given the short half-life and rapid reactivity of NO, proximity of the electrode to
the tissue is important for capturing the NO and generating a robust electrical signal. Similar to
the previous study by Millar, we placed the electrode on the TM in order to maximize the capture
of local NO released from the TM (33). Therefore, close proximity of the electrode to the TM and

SC ensures maximum contribution from the conventional AH outflow pathway tissues.

In this study, we electrochemically measure the levels of exogenous NO released in the outflow
pathway tissues. However, we recognize that this setup may also be able to detect endogenous NO
levels from ex vivo cultured human corneoscleral segments. This is evident in the fact that we

were able to detect baseline NO currents in vehicle treated corneoscleral segments (Figure 3A).
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Endogenous NO within cells is produced by the constitutive and induced nitric oxide synthase
(NOS) enzymes, as well as via reduction of nitrates/nitrites by cellular reductases (42). Future
work will focus on refining this system further to improve detection of endogenous NO in ocular

tissues.

Although the electrochemical method for quantifying NO holds much promise and utility in
studying the pharmacodynamic properties of glaucoma medications in real-time, it is also
important to understand the limitations of this technique. Electrodes used for detecting NO are
inherently sensitive to environmental influences. Current iteration of this setup is an open system
that is sensitive to temperature and pH changes. Our setup utilizes a laminar airflow hood for
electrical and thermal isolation to reduce effect of temperature fluctuations on the system.
However, development of a closed system is necessary in order to control for the confounding
effects of temperature and pH. Future iterations will need integration of temperature and pH
sensors within a closed measurement chamber. This closed measurement chamber can be placed
in an incubator for quantifying endogenously produced NO at physiologically relevant

temperatures, which will increase tissue viability for longer measurement timepoints.
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